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ABSTRACT  
The food processing and beverage industry in Australia is a major industrial sector, one of 
the five sub sections of the food industry that has contributed $82 billion in income to the 
national economy in 2010-2011. Global Industry Analysis (GIA) has predicted: $47 billion 
will be spent on machinery and equipment in the food processing sector by 2015 and states 
that rising customer demands and awareness of this expenditure will make development of 
food production essential.  
According to the Food and Agriculture Organization (FAO) of the United Nations, one third 
of food produced for human consumption per year is discarded in wastage. The growth in 
demand for food, combined with the high percentage of loss and wastage in post harvesting 
and processing magnifies the necessity of technological enhancement in post-harvesting and 
the food processing industry.  
Process modelling of complex operations has become a common method for optimizing and 
redesigning industrial operations as well as designing new methods and tools. These models 
are appropriate and accurate specifically for the cases in which conducting experiments is 
difficult or inaccurate. Although experimental studies and mathematical models have been 
applied for several cases; they have some drawbacks in interpreting complex processes. As 
well, there are limitations, such as time and cost dependency of experimental studies and the 
complexity of mathematical models of food operations due to the soft nature of food material. 
The primary aim of the work presented in this thesis was to develop and validate a 
computational model of the mechanical peeling process of tough skinned vegetables using 
Finite Element Analysis (FEA) Modelling methods. To achieve the proposed goal, a series of 
experimentations including uniaxial compression, indentation and tensile tests were 
performed on peeled, unpeeled and flesh samples of pumpkin; additionally some of the 
required physical properties of peel and flesh samples were experimentally determined. A 
Scanning Electron Microscopy (SEM) system was also used to capture the cellular changes 
of tissues before and after mechanical loading processes. The experimental outputs were 
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used to select and validate a compatible constitutive theory for the non-linear mechanical 
response of pumpkin peel and flesh samples under large deformation. A quantitative method 
was applied to create a mathematical and FE model by: developing and validating a 2D 
model of compression loading, developing and validating a 2D model of tensile loading, then 
developing the model of a mechanical peeling process using outputs of experimentations in 
the two previous steps. The model was further validated with the results of an empirical case 
study and the existing literature. 
The results of this research are that experimental tests illustrated a non-linear behaviour of 
pumpkin tissue under large deformation by compressive and tensile loading. The stress-
strain ratio increased monotonically with a raise in deformation. The fitted constitutive 
relationship had high agreement with the experimental curves in all the cases and the value 
of Root Mean Square Error (RMSE) was significantly low. The FE models were developed 
and the results of FE modelling were in high agreement with the experimental test results.  
The innovation of this research can be presented in two categories: experimental and FE 
modelling. In the experimental study the peel and flesh samples of pumpkin were considered 
as two materials and their mechanical and physical properties were determined. Poisson’s 
ratio of pumpkin flesh and unpeeled samples were determined. Material density of pumpkin 
pieces and apparent density of the whole pumpkin were also calculated and used in FE 
modelling. The effects of different loading styles including indentation and compression on 
flesh and peel tissue were investigated using the SEM method.  Additionally, the first 
process/computational model of mechanical peeling of pumpkin/ tough skinned vegetable 
was developed using FE method. The constitutive and FE models presented in this thesis 
provide details of how conceptual and mathematical models can be used in combination with 
experimental test results to investigate and understand the response of agricultural and food 
materials under different loading conditions. As this is one of the few efforts in application 
of FEA and mathematical models in the food processing industry, the outcomes of it can be 
modified and used for optimisation of current post harvesting operations or design of new 
devices in the food industry.   
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This thesis contributes to the existing body of knowledge in several principle aspects. Firstly, 
it applies a different approach in analysing mechanical and physical behaviours of tough 
skinned vegetables when considering peel and flesh samples separately. Secondly, the 
response of tissue under large deformation is investigated considering their different loading 
types using the SEM analysis method. Thirdly, it applies and validates a constitutive 
relationship for uniaxial compressive and tensile test results on peel and flesh samples. 
Fourthly, it develops and validates a novel FE model of mechanical loading and peeling 
processes of tough skinned vegetables. Fifthly, it solves the developed FE model with the 
results of constitutive modelling and validates the FE model for both experimental and 
constitutive modelling outputs.   
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Chapter 1 INTRODUCTION 
1.1. Introduction  
The processed food and beverage industry is a largest manufacturing sector in Australia, 
considering the notable effects of this industry on the Australian economy with $79 billion 
annual income. This includes around an $8 billion increase in 2005-6 and $19 billion in 
2006-2007. This rate of income increased to $82 billion in 2009 to 2010, according to the 
report that was published in 2012. An IBISWorld Industry Report in 2007 indicated that 
domestic demands for food processing production increased due to the population growth in 
Australia (IBSIWorl-Industry-Report, 2007), which confirms the statistical data that was 
published by Foster et al. (Foster, Fell, To, Rees, & Bowen, 2010). The aforementioned 
report illustrates the rapid increase in global calorie consumption in different categories and 
specifically, 111% in vegetable and 83% in fruit consumption in 2005-07. This research has 
categorized the Australian food industry into five subsections: food and beverage processing, 
farm and fish production, retail sales, export and import with $77, $36.7, $125, $24.3 and 
$10.1 billion income respectively  (Figure 1-1) (Foster, et al., 2010).  
Accordingly, a Global Industry Analysis (GIA) report stated the technological enhancement 
is essential, due to the development of food products and processes, increased consumer 
demands and awareness, and government regulations regarding health and hygiene issues 
(Jose, 2010). On the other hand, an ADM report (Sonka, Ting, & Kenney, 2012) declared 
that one third of agricultural produce does not get to the consumer and is wasted during post-
harvesting and processing stages equalling 1.3 billion tonnes, which is nearly $1 trillion per 
year. This report also indicated the need of doubling agricultural crop production in the next 
40 years due to the publication growth prediction (Sonka, et al., 2012). 
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Figure ‎1-1: Value of food industry in Australia in 2010-2011("Food Processing Insdustry Strategy Group," 2012; 
Foster, et al., 2010) 
 
Any enhancement in food industrial technologies will lead to reduction of food waste. As a 
result, researchers have applied different approaches such as experimental, mathematical and 
computer modelling to study improvements in food technologies. Experimental and 
mathematical models usually have some limitations and disadvantages, which make them 
inapplicable and less accurate (Karadelis & Omair, 2001; Miller, Joldes, Lance, & Wittek, 
2007; Sarig, 1991). Recently numerical and computer modelling of industrial processes have 
become an accepted method of investigation in different engineering fields such as 
infrastructure and mechanics.  
Process models have the capability of investigating the interrelation of variables during 
industrial processes, making them more accurate and appropriate for different conditions and 
stages of industry (Ettelaie, 2003). Computer based models have an applicability of 
predicting performance of new designs even before manufacturing the equipment (Schaldach, 
Berger, Razilov, & Berndt, 2000) as well as their capabilities in redesigning and optimising 
current technologies. Although there have been numerous studies that have applied 
computational modelling approach in investigating and optimising engineering and industrial 
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processes, however, limited numbers of studies have worked on the improvement of post-
harvesting and food processing operations. Considering the advantages of new computer 
software, there is a gap in the existing literature to apply and improve food industrial 
efficiency, which can assist researchers, equipment engineers and engineers to enhance food 
production efficiency.    
This research aims to analyse mechanical damages happening during post-harvesting and 
processing stages, due to different mechanical loading conditions. Particularly, the main 
objective is to investigate the application of Finite Element Analysis and constitutive models 
on agricultural crop tissues specifically during the mechanical peeling process of pumpkin as 
a tough skinned vegetable. As mentioned above, there are few studies that have applied the 
FE method in the study of post-harvesting and food processing and to date, there exists no 
previous study on FE modelling of cutting or peeling agricultural tissues. In this study 
experimental, constitutive and numerical methods were applied in a systematic approach to 
investigate the mechanical response of pumpkin tissue under loading. The peel and flesh 
layers were considered as two different materials and their properties were determined. 
Additionally, both elastic and plastic response of peel and flesh tissues were investigated and 
modelled. In the FE modelling process, computational models of tensile, compression and 
mechanical peeling process were developed and compared with results from experimental 
tests and available data in literature.  
Responding to the growing trend of using software and computer models in industrial design 
and optimizing projects, the aim of this study was be to utilize available methods and 
software in order to enhance and develop food processing stages.  
This study has focused on the mechanical peeling process of tough skinned vegetables. As 
previously mentioned referring to the knowledge gap, to date there is no published work in 
Process Modelling of Tissue damage during Mechanical Peeling process of Tough Skinned 
Vegetable Pumpkin. Subsequently, future direction and required works in this field of 
research have been listed in the final chapter of this thesis. 
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1.2. Problem Statement  
World population will reach nine billion by 2050, the demands of which require increasing 
food production to double that of the present in 40 years, according ASABE report in 2012 
(Sonka, et al., 2012). Any improvement in food industrial production lines that leads to 
reduction of food loss and cost will be a positive step toward providing growing food 
demand globally. Although the food loss pattern is different among industrialized and 
developing countries (Gustavsson, Cederberg, & Sonesson, 2011), mechanisation and 
optimised technologies are always one of the principal aspects in improving current practices 
and methods. In order to reduce material waste and damage during mechanised operations of 
post-harvesting and food processing, it is essential to have a thorough knowledge of 
agricultural and food material response under loading. This understanding of material 
behaviours provides details of deformations and damages occurring in industrial stages and 
will assist equipment designers, engineers and researchers to enhance food industrial 
technologies and methods to a higher level of efficiency and productivity.  As mentioned 
earlier, according existing literature, experimental based methods are the main applied 
method to investigate food loss in different processes. Despite the advantages of 
experimental approaches, they are costly and time consuming and several replications are 
usually required to explore basic properties of each variety or family of crops. In contrast, 
numerical and computational modelling methods, which have been applied in different 
engineering fields, are more competent in terms of time and cost requirements.  
Considering the advancement of applying constitutive and numerical methods in different 
engineering industrial research, there is a need to apply this available knowledge in post 
harvesting and food processing operations in order to be able to supply global food demands. 
In this study, both constitutive and FE methods were applied to investigate the mechanical 
response of peel and flesh tissue of pumpkin. After development and validation of these 
models, a comparison between developed constitutive and FE models were made. Finally the 
direction for future work and investigation has been presented.  
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1.3. Research Objectives 
This study aims to investigate mechanical response of pumpkin peel and flesh tissues under 
tensile and compressive loadings using constitutive and FEA methods. The results of these 
models were then were used to develop the first FE model of the mechanical peeling process 
of pumpkin as a tough skinned vegetable.  
The proposed framework included conducting an experimental study on mechanical and 
physical properties of pumpkin peel and flesh tissues in order to develop constitutive and 
computer models. Additionally the changes and deformations of tissue under loading were 
investigated using Scanning Electron Microscopy (SEM).  The outcomes of experimental 
and constitutive modelling, in combination with available literature, were then used to 
validate the FE models. In order to establish the proposed model of mechanical peeling, it 
was required to develop an appropriate materials model for the material which shows its 
behaviour under different sources of loading. The results of experimental tests including 
density, tensile, compression, indentations and moisture contents were used to develop the 
material model. Analysis of elastic and plastic response of peel and flesh tissues was also 
considered during the experimentation and modelling process.   
Considering the scope of this study, the objectives of the work presented in this thesis are 
presented below: 
- Analysis of mechanical response of pumpkin flesh and peel tissues to different types 
of loading including tensile, compression and indentation (flat and spherical end 
indenters). 
- Experimental investigation of physical and mechanical properties of peel and flesh 
tissues of pumpkin required for constitutive and computer modelling. 
- Development of a suitable material model for pumpkin tissues, which represents 
bot  elastic and plastic aspects of tissues’ response. 
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- Development and validation of an innovative constitutive model, which 
characterizes stress versus strain curves of peel and flesh tissues under uniaxial 
compression and tensile.  
- Development and validation of FE model of uniaxial tensile and compression using 
constitutive and experimental results as input properties.  
- Development of FE model of mechanical peeling of pumpkin and comparison of the 
outcomes with data available in literature.  
After completing the proposed study and achieving the listed objectives,  future work and 
direction will be presented for potential further exploration in this area of research. The 
outcomes will provide details of deformation after mechanical loading on pumpkin tissues as 
model species of tough skinned vegetables. Finite element and constitutive modelling 
outputs of the mechanical damage of pumpkin presented in this study is one of the first 
efforts in modelling the response of tough skinned vegetables. The model can be used for 
other varieties of pumpkin and members of the group of tough skinned vegetables in order to 
study the effects of mechanical loading during post harvesting and processing stages of crops.   
1.4. Innovation  
In order to identify the existing gap in literature an inclusive literature review was completed 
and presented, focusing on different aspects of post-harvesting and food processing 
operations including; physical and mechanical properties of agricultural crops, common 
mechanical peeling methods and devices in the food processing industry, mathematical and 
computational modelling. An analysis of mechanical and physical behaviours of pumpkin as 
a tough skinned vegetable has been evaluated and presented in this thesis. As a novel 
approach, in the experimental tests, different mechanical loading processes on peel and flesh 
and unpeeled samples of Jap variety of pumpkin were considered. Additionally, Poisson’s 
ratio of the unpeeled and flesh samples of pumpkin tissues was determined for the first time. 
As there was no report of material density values for pumpkin peel and flesh samples, the 
water displacement method was applied and density of tissues was computed.  
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The constitutive modelling that has been presented in this study is one of the few studies that 
has considered tough skinned vegetables’ response under large deformation. The outcomes 
of this model were applied and compared with experimental results which illustrated a good 
agreement between the constitutive model and experimental results.   
A detailed FE model was developed for tensile, compression and peeling process of tough 
skinned vegetables, as the first FE model of mechanical loading of pumpkin tissue. The 
tensile and compression models were used to create and validate a material model of tough 
skinned vegetables. The outputs of the first two models were implemented to develop the 
mechanical peeling model. For a thorough investigation, both elastic and plastic behaviours 
of material were considered and the major focus was to establish an accurate material, which 
exhibits the actual plastic behaviours of material. Additionally, this is one of the few studies 
that has considered peel and flesh tissue as two different materials and modelled their 
behaviours using constitutive and FE modelling methods.  
1.5. Scope  
The scope of the presented work consists of empirical and computational analysis of 
mechanical behaviours of tough skinned vegetables under loading with an emphasis on post 
harvesting and processing operations. The experimental tests were modelled and results were 
used to develop and validate the material model. Although the experimental studies 
considered different types of loadings, the results were only reported and used for the 
constitutive and FE modelling. For more statistical analysis, further experimentations need to 
be performed. The validated material model was then used to develop the mechanical 
peeling model. The final model could be enhanced to a 3D model of cutting using the details 
of shearing for the applied materials. However the required experimental setups for cutting 
and shearing properties of agricultural and food particles were beyond the scope of this study. 
The methods applied in this work, however may be applied in future studies to develop 
computational modelling of more complex industrial processes.  
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1.6. Research Methodology 
The mechanical response of tough skinned vegetables under different types of loading 
including indentation (flat end and spherical end), compression and tensile loading, was 
analysed in this study. The main section of this thesis consists of a comprehensive literature 
review, thorough experimental investigation, an innovative constitutive modelling and novel 
computational modellings. The first part of this thesis will present a review on the available 
literature of agricultural and plant material properties and FE modelling. In the next section, 
the details of an empirical study of physical and mechanical behaviours of pumpkin tissue 
were presented. Details and results of the developed constitutive model of mechanical 
response of peel and flesh samples under tensile and compression loading were presented 
afterward. In the final stage, Finite Element modelling was used to develop FE models of 
tensile, compression and mechanical peeling of pumpkin tissue.   
1.6.1. Experimental Methods 
Uniaxial loading including indentation, compression and tensile tests were performed on 
peel and flesh samples of pumpkin using a Universal Instron testing machine. Additionally, 
compression tests were performed and axial and lateral displacement of samples were 
recorded using laser measurement sensors, which were used to evaluate t e Poisson’s ratio 
of samples. Density of flesh and peel was also calculated using the water displacement 
method. The values of water content of peel and flesh tissues were determined using the 
drying method. The Scanning Electron Microscopy (SEM) method was also applied to study 
the cellular changes of peel and flesh samples under mechanical loading processes. The 
empirical results were used to develop a constitutive model, a material model and to validate 
FE models. The details of experimental setups and results have been presented in Chapters 3 
and 4. 
1.6.2. Constitutive Modelling  
In order to develop a mathematical equation that describes mechanical behaviours of 
pumpkin flesh and peel samples, a thorough literature review was completed. One of the 
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previous constitutive equations presented for processed food products was selected and the 
equation parameters were determined for pumpkin tissues. The curve fitting method was 
utilized (in Matlab ("MATLAB R2012b," 1994-2013)) using results of experimental works. 
Results of prediction with constitutive modelling was then compared using Root Mean 
Square Error (RMSE) values and error indicator-time curves. The outcomes of constitutive 
modelling was then used as input data for FE modelling. The details of this constitutive 
modelling have been listed in Chapter 5. 
1.6.3. Finite Element Method 
A number of computational models were developed using MSC Patran, LS Prepost and LS 
DYNA packages. FE models of tensile and compression tests were established with 
experimental and constitutive modelling results as input properties to evaluate and validate 
the response of material model for both peel and flesh samples. Additionally a FE model of 
mechanical peeling process was established using the results of tensile and compression 
loading models. The details have been presented in Chapters 6 and 7.  
 
1.7. Thesis Outline 
This thesis consists of eight chapters; each chapter will be presenting a section of the work 
that has been completed during a course of three years and details of these chapters have 
been summarised below: 
- Chapter 1 represents an introduction and the scope of research. This chapter consists 
of the problem statement, research objectives, list of publications and the thesis 
outline.   
 
- Chapter 2 presents a comprehensive review of literature considering different aspects 
of the problem stated. Regarding the importance of post-harvesting and food 
industrial research on global food demand, a very detailed analysis has been made to 
classify available literature. This chapter includes sub sections, which are 
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summarising available knowledge of food processing industry and technology 
requirements, considering prior research studies on physical and mechanical 
properties of food particles. In this chapter, the current method and devices of 
peeling crops have been outlined and available data on percentage and cause of 
damage in processing and post-harvesting operations have been classified. The 
common approaches applied to study these damages, including experimental, 
mathematical, constitutive and computational methods, have been summarised in 
order to identify the current gap in studying food loss during industrial operations. 
 
- Chapter 3 characterizes research experimental design according to the identified gap 
mentioned in the previous chapters. This chapter is divided into two main 
subheadings, design of experiments and experimental set-up. Each subheading will 
present the steps and methods that have been applied to investigate proposed goals 
and objectives. The first section will cover the designed details that have been 
completed to list required experiments and sample preparation. The second part 
presents the details of experimental set-ups, including mechanical and physical tests. 
The design of tests and parameters required for FE and constitutive modelling have 
been presented and the results of these tests have been listed in Chapter 4. 
 
- Chapter 4 covers the results of calculation of required physical and mechanical 
properties of tough skinned vegetables using the outcomes of experimental tests. In 
addition, it includes the results of the SEM imaging approach that has been 
completed on pumpkin tissues before and after loading process. The results of 
calculations have been applied in the development of constitutive and FE modelling.  
 
- Chapter 5 describes the investigation on constitutive modelling of mechanical 
behaviours of pumpkin peel and flesh tissues. The experimental results from Chapter 
4 have been utilised to develop and validate the constitutive law for pumpkin tissue. 
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The outcomes of this modelling were then used as input data for FE modelling of 
tensile and compressive loading of tissues, which has been presented in Chapters 6 
and 7.   
 
- Chapter 6 focuses on the details of FE modelling design and methodology. The 
foundations of FE method and the approach that has been used in model 
development have been presented in detail.  The pre and post processing procedures 
have been detailed and the modelling, verification and validation processes have 
been presented. The details presented in this chapter have been applied to develop 
the FE models of tensile, compression and mechanical peeling of pumpkin tissues. 
The results and outcomes are also presented in Chapter 7. 
 
- Chapter 7, the details of FE models with experimental and constitutive properties 
input have been presented and compared. The differences between predicted and 
experimental values were also determined as an error indicator and compared. 
Afterwards, results of these models were used to develop the FE model of 
mechanical peeling of pumpkin and the outcomes of stress distribution and 
deformation were compared with available literature.  
 
- Chapter 8 is the conclusion and future directions chapter, which consists of a 
thorough comparison of the obtained results of this study as well as evaluation and 
analysis of previous results with these outcomes. This chapter concludes the 
presented discussion in this research and will outline the future plans and work that 
needs to be considered. 
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Chapter 2 : REVIEW OF THE LITERATURE  
2.1.    Introduction 
Post harvesting and processing operations can cause a high volume of material damage and 
loss. The understanding of material responses and properties can assist designers and 
researchers to enhance the methods and technologies needed to diminish the amount of food 
loss during industrial processes. Nowadays, mathematical and computer models have 
become popular among researchers in the food industry. In this study, a combination of 
experimental, mathematical and Finite Element model of tissue damage during the 
mechanical peeling process of tough skinned vegetables was established. For this purpose, a 
thorough literature review was completed and the existing gap was defined; the undertaken 
literature review has been presented in this chapter. This literature review covers different 
aspects of works that have been conducted in the food processing and post harvesting fields, 
including: 
 food processing industry and technology  
 physical and mechanical (rheological) properties of fruits and vegetables 
 application of SEM methods in food processing 
 common methods of peeling as applied in the food industry 
 current devices for mechanical peeling  
 damage/cause of damage/ impact in food processing operations 
 constitutive modelling of mechanical response of agricultural and food materials 
 mathematical modelling of food processes 
 FE modelling and simulation of mechanical operations on fruit and vegetables tissues  
2.2. Food processing industry/ technology  
The food processing and beverages industry is the largest manufacturing industry in 
Australia with a turnover of more than $71.4 billion in 2005-6, which then reached $82 
billion in 2009-10 ("Food Processing Insdustry Strategy Group," 2012), and a growth rate of 
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2% over the past 10 years (Mellentin, 2006).  The processing food industry has a crucial role 
to play in producing the desired texture of food material, which usually increases the value 
of the product (Bourne, 2002). Employment in the Australian food industry has increased 2 
percent between 2008-09 to 2009-10 and reached 226,750, which is about 28 per cent higher 
than in 2000-01 (Foster, et al., 2010). The 50 largest food and beverage corporations 
comprise almost three-quarters of the domestic industry (Mellentin, 2006). This sector 
produces various products including jam, jellies, frozen food, marmalade, ready to 
cook/serve products, juice, beverages, cans, pre-processed foods and dried fruits. Processing 
steps consist of preparation of raw material - cleaning, trimming and peeling - followed by 
cooking, canning or freezing. The changing world pattern in calorie consumption shows 111 
percent increase in vegetable consumption as well as 83 percent in fruit usage, between 2005 
to 2007. The textural modifications during the processing stages can have desired or 
undesired effects on food materials (Bourne, 2002). Since this industrial sector is growing 
with increasing global food demands, new and efficient technologies and equipment are 
required. Accorrding to the FAO corporate document repository, 25% of food product waste 
occurs in post harvesting stages. Additionally, the volume of loss in the production lines of 
sweet potatoes, bananas, tomatoes and citrus fruits sometimes is higher and reaches half of 
the whole production (Food and Nation 1989). The Australian food industry consists of five 
main sub sections including farm and fish food production ($36.7 billion), food and beverage 
processing ($77 billion), retail sales ($125 billion), exports ($24.3 billion) and import ($10.1 
billion) (Foster, et al., 2010). According to the Global Industry Analysis (GIA) report (Jose, 
2010), $47 billion will be spent on food processing machinery and equipment by 2015, and 
the key factors driving market growt  include “development of food products, new processes, 
increased consumer awareness, and government regulations regarding  ealt  and  ygiene”.  
In addition, the amount of food wasted in the different steps of fruit and vegetable 
production industry is considerable and in processing lines it can reach to 50-60% of produce 
(by weight) (2001) . The discarded resources can consist of wasted material, unnecessary use 
of chemicals and water, wasted packaging, wasted time and effort, and wasted energy (2001).  
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Reducing, reusing and recycling these wastes are possible ways to reduce cost and add to 
total efficiency and productivity of industry. Reducing loss of food material and damage can 
be achieved by enhancing the efficiency of post harvesting and food processing technologies. 
Fruit and vegetable processing equipment includes a wide array of conveyors, packagers, 
peelers and cutters, which are used to produce new products after harvesting crops.  It is 
expected that some wastes occur during processing fruits and vegetables. The wastes 
generally include solid wastes of peel/skin, seeds and stones as well as a liquid waste of juice 
and water wash. Solid wastes are usually generated during peeling and coring stages. 
Although reducing the amount of these wastes in processing stages to zero is impossible, 
efficient methods and equipment can significantly reduce the quantity of mass wastage. On 
the other hand, energy use in the fruit and vegetables industrial sector has a direct impact on 
the total effectiveness of process, which also closely relates to the quantity of the wastage. 
The energy share of U.S. food industry (Wilhelm, Suter, & Brusewitz, 2004) includes 29% 
purely for processing, which has the highest rate of energy consumption among on-farm 
production, distribution, in home preparation and out of home preparation (Singh, 1986 in 
Wilhelm et al., 2004). The rapid increase in energy use in U.S. from 1.2×     kJ in 1940 to 
1.9×     in 1950, and 2.4×     in 1960 and 3.5×     in 1970 shows a 3.3% increase per 
year. Improving current machines and equipment in the food processing industry can 
extensively affect the efficiency of a production line. As a final report of a case study 
replacing multistage abrasive peeling machine instead of common peelers showed, “reduce 
potato usage by 354,000 pounds per year w ile maintaining t e same production rate” can 
save $31,860 per year and mean a significant decrease in potato wastage (Rosier, 2010). The 
percentage of loss is considerably higher in developing countries where the mechanised 
operations are limited and the main part of processes is done manually.  Regarding the 
Energy Efficiency improvement and Cost Saving Opportunities for the Fruit and Vegetable 
Processing Industry,  the value of products in 2004 was $37.9 billion while the number of 
employees in this industrial sector was 111,790, alternatively  the U.S. spent nearly $810 
million on fuel and electricity for the fruit and vegetables industry in 2002 (Masanet, 2008), 
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which proves the significance of enhancing effectiveness of equipment and technologies in 
this area, potentially directly affecting total cost and quantity of outcomes as well as quality 
of final products. 
The peeling stage is one of the main sub steps of the food processing industry and the energy 
use in this section, depending on the type of final products, can be a considerable amount of 
total cost. “Peeling may cause significant loss of food value”, for example in potato 
production, in which the main source of protein is just underneath of peel; peeling loss is an 
influential factor in diminishing the quality of final product (Nations, 1989). 
Food industrial activities have a significant role in Australian annual outcomes as well as 
world economy. Investigating factors which affect efficiency of this sector, such as waste 
rates, energy consumption and technological improvements can be a positive step toward 
improving and developing the food industrial sector.  
Improvement in energy efficiency of food processing stages could be achieved with 
systematic approaches including; controlling operation loading, process speed, regular 
presentation maintenance, replacement of older equipment with higher efficient models, and 
optimising sub steps. In this study the main focus was on deformations and damages that 
occur during the mechanical peeling processes. To investigate the effects of machineries and 
equipment to create material loss, experimental, mathematical and finite element analysis 
(FEA) methods were applied to analyse the behaviours of material. The mechanical peeling 
process of tough skinned vegetables was the main process studied, however the behaviours 
of materials under different types of loading (indentation, compression and tensile) were 
examined and studied. A constitutive model was also selected and modified for the material 
behaviour under compression and tensile loading. 
2.3. Fruit and Vegetables Properties 
Present agriculture and food industry equipment has been improved technologically, and 
nowadays complex mechanical, thermal, optical and electrical processes and devices are 
used in order to meet daily increasing food demands. Despite these technological and 
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engineering improvements, still more efforts need to be dedicated to obtaining a basic 
knowledge of the properties and behaviours of agricultural crops. Furthermore, enhancement 
in instruments has increased the capacity of production lines regarding customer demands.  
As a matter of fact for reasonable outcomes in both an economical and industrial view, 
considering the efficiency of operations and equipment is essential. In this section a brief 
description of properties will be presented and then will focus on the specific properties of 
fruits and vegetables, which are required in the presented study of mechanical peeling 
process and process modelling of tissue damage during mechanical peeling. 
a. Physical Properties 
Physical properties of fruits and vegetables that depend on the method that has been applied 
in each process might differ, however the general characteristics are: shape, size, surface 
area, density, porosity, colour and appearance (Mohsenin, 1986). Size and shape are 
important factors which are used in screening, grading, and quality control in food operations. 
Volume of food particles is also one of physical properties which, due to the irregularity of 
shape, is usually measured using image processing or liquid, gas or solid displacement 
methods. Density, which includes material, true, solid, apparent, and bulk forms, identifies as 
the ratio of mass over volume. Porosity is related to the texture and the quality of dry and 
moist foods; “total porosity of particulate materials includes t e voids wit in and among t e 
particle” (Sahin & Sumnu, 2006). Colour and appearance of fruits and vegetables are also 
physical properties which are effective factors for identifying quality at a first glance.  
b. Thermal Properties 
For the fruits and vegetables that will be subjected to thermal processes such as cooling, 
freezing, cooking, thermal peeling and drying, investigating thermal characteristics is 
essential. The ability of food particles to store, conduct and lose heat is defined as thermal 
properties; these properties are essential factors in modelling of processes, design of 
equipment, energy estimation of process and development of sterilization and aseptic 
processing (Fontana, Wacker, Campbell, & Campbell, 2001). In this case, specific heat, 
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thermal conductivity, thermal diffusivity surface conductivity and resistivity are important 
items to be considered. Specific heat is the amount of heat required to raise one unit of mass 
of the material by one degree.  
Thermal conductivity is identified as the ratio of heat flux density to temperature gradient in 
a material, which evaluates the ability of the material to conduct heat. Thermal diffusivity is 
the ratio of thermal conductivity to specific heat, which presents the capability of material to 
transmit a thermal disturbance. Thermal resistivity is estimated as the reciprocal of thermal 
conductivity (Fontana, et al., 2001). 
c. Electrical Properties 
In some specific processes such as handling, electrical sorting and grading, dielectric heating 
and ohmic heating, electrical properties of fruits and vegetables are effective factors. 
Electrical conductivity is known as the ability of food material to transmit electricity. 
Electrical conductance and capacitance, dielectric properties and also reaction to 
electromagnetic radiation are some of the properties that are important to consider, based on 
the type of process and method of operation. Optical Properties 
New scientific efforts showed that light transmittance and reflectance properties are essential 
for electric sorting and grading, maturity and surface colour determinations and study of 
interior characteristics of fruits and vegetables (Mohsenin, 1986). These properties of food 
materials are considerable to be new specific methods for grading and sorting products. 
 
d. Mechanical Properties 
Mechanical properties illustrate how different materials behave under loading, these 
properties are determined regarding the force details or the stress type that the material has 
experienced. Common types of loading that cause stress on tissue are indentation, puncture, 
compression, shear, torsion, tension and the combination of these loading types, for example, 
fatigue. In industrial production lines, agricultural materials and food particles undertake 
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different sorts of forces and stress, which can be divided into wanted or unwanted categories. 
Wanted forces and mechanical load help the operation to produce final products, however 
unwanted loads create undesirable wastes and damages. Mechanical damages during 
agricultural and food industrial processes have an essential role on the final outcomes of 
these processes. Harvesting, handling, grading, transporting, peeling, cutting and packaging 
are some examples of mechanical operations on the agricultural products, which can affect 
the quality of production.  
Investigating mechanical damage during industrial food processes requires precise details of 
material properties. Food particles depending on their nature, behave totally differently from 
other materials (metals, wood, glass and other common materials in engineering sciences), 
and usually it is difficult to describe their mechanical behaviours (Texture in Food volume2: 
solid foods, 2004). As a result, studying food operations needs a thorough investigation of 
the properties of food materials. Unlike some general engineering materials, moisture 
content is a parameter which causes changes on properties’ agricultural and food materials. 
Due to the type of materials, method and duration of storage of the rate of water content 
diverges. Considering the consequences of this, the characteristic of food material is 
essential in order to minimise error in both experimental and modelling studies. In this study, 
mechanical, physical properties and moisture content of pumpkin tissue as a tough skinned 
vegetable have been determined. These properties were required for the constitutive and FE 
modelling of mechanical loading of pumpkin tissue.  
2.4. Moisture Content  
Moisture content is a characteristic of food material that influences the behaviours of these 
materials during processing stages. Moisture content is the amount of water per unit weight 
of material. Different rates of moisture have effects on physical, mechanical, electrical, 
t ermal and also c emical c aracteristics of food materials. “As moisture content increases, 
the molecular attraction becomes smaller and there is a volume increase, which is roughly 
equal to t e volume of water added” (Mohsenin, 1986). As a result, density, porosity and 
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texture of material in different moisture content differ.  In a study on Barberry, the effect of 
water content on different properties has shown with increasing moisture content, that length, 
width, thickness and diameter have increased too. Additionally, the coefficient of friction, 
true and bulk density  have been raised while porosity has decreased in higher value of 
moisture content (Fathollahzadeh et al., 2008). A linear increase relationship between 
moisture content and unit mass, volume, true density and bulk density of pistachio nuts has 
been reported previously (Razavi, Rafe, Mohammadi Moghaddam, & Mohammad Amini, 
2007). Additionally, porosity decreased linearly by increase in moisture content for pistachio 
nuts and their kernels. 
In a similar study on strawberries, the relations between moisture content and different 
characteristics of fruit have been studied by Samimi and Khodaei (2011). The moisture 
content has a linear connection with bulk and true density, and porosity. Moreover, the 
surface area showed an exponential increase by a raise in the moisture content of the 
strawberries. Crushing strength, however, decreases in higher moisture content. In a study by 
Blahovec (2007) the role of moisture content on mechanical behaviours of materials was 
investigated (shown in Figure ‎2-1).   
 
Figure ‎2-1.Change of mechanical behaviour regarding to moisture content (Blahovec, 2007). 
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A material deformation curve at constant deformation rate has been presented for change in 
moisture content from graph (G) as a glassy material to (Br) as a brittle material. It has been 
concluded that water content in agricultural materials has the same role in soft and polymeric 
materials, additionally it behaves as a plasticizer (Blahovec, 2007).   
Initial moisture content of pumpkin slices has been estimated by Doymaz (2007), equal to 
92.4± 0.2% (wet basis). The role of moisture content of alfalfa on the tensile strength of 
materials has been emphasised, in that the decrease in moisture content causes increase in 
tensile strength(Nazari Galedar et al., 2008). 
2.5. Mechanical and Rheological behaviours of food particles in 
food processing engineering 
Agricultural produce undergoes different mechanical stages and experiences various types of 
loads such as compression, indentation, tensile, impact, vibration and shocks after harvesting 
and during processing operations. These loading stages usually create undesired deformation 
and damage on tissue. In order to reduce percentage of damage on crop tissues, it is essential 
to study and analyse behaviours of these materials under loading. Determination of material 
properties of agricultural crop tissues is crucial in the design of after harvesting and 
processing equipment (in packaging, handling, transporting, peeling and cutting stages). 
Depending on the type of equipment or operation different properties that are required, the 
common method of collecting data on mechanical characteristics of tissue is to perform 
mechanical loading tests. These tests results provide data to estimate mechanical properties 
of agricultural crops. In the following sub sections, the methods of evaluation and calculating 
mechanical properties of food particles will be presented. 
a. Uniaxial Compression Test 
The uniaxial compression test is one of the common methods of analysing mechanical 
characteristics of different materials. In a compression test, samples with known dimensions 
are compressed between two flat plates. The usual results of this test are a force and 
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deformation curve during the time of compression. Compression tests provide information 
“t at can be used to quantitatively determine t e differences caused by factors suc  as 
variety, drying temperature, storage technique, maturity and processing technique” ("The 
Australian Almond Industry," 2008). It is possible to study the properties of whole fruit or 
vegetables or a portion of them under compressive loadings. For instance, depending on the 
type of fruits and vegetables, mechanical properties of skin, flesh, core, and seed are 
considerable. A compression test is performed with a given speed, which can be different 
regarding the type of tissue. From the force deformation curve obtained and dimensions of 
compressed samples, stress, strain, apparent modulus of elasticity, toughness, bioyield and 
rupture force will be possible to estimate.  
b. Uniaxial Indentation Test  
The Uniaxial Indentation test is similar to the compression test, however, in this test samples 
are fixed in a flat plate and an indenter with smaller diameter than the samples was indented 
into the samples. There are different materials; the size and shape of indenter differs 
depending on the type of data that is required.  The common types are flat and spherical end 
indenters. The results of testing will provide the details of force deformations of tissue and it 
will be possible to calculate the mechanical properties of tissue.  
c. Uniaxial Tensile Test 
Uniaxial tensile testing is one the common method of analysis for behaviours of food 
particles under mechanical loadings. In this test, usually rectangular, arc sided and dog bone 
shaped samples are used, which undergo tension and break apart. One important factor in 
tensile testing of agricultural and food particles is the shape and dimension of samples. It is 
necessary for samples to be failed in the middle section as a result of stress concentration in 
the middle length. Results of tests include load and extension details during the time of the 
tensile test. The stress strain details are possible to be calculated using the dimensions of 
samples.  
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2.5.1. Force- Deformation Curve 
A typical force versus deformation curve for agricultural and plant materials have been 
shown in Figure 2-2. According the presented graph, linear part of the diagram shows the 
elastic behaviours of material where deformation and damages are temporarily and they will 
disappear after unloading specimen. 
 
Figure ‎2-2: Force deformation curve for agricultural products (Mohsenin, 1986). 
 
As is shown in figure 2-2, wit  “LL”, t e ratio of stress strain in this zone is equal to the 
modulus of elasticity; in addition “stiffness or rigidity is indicated by the slope of initial 
straig t line portion of t e curve” (Mohsenin, 1986). Plasticity is the capacity of material to 
take permanent deformation and change; according to Figure ‎2-2, the plasticity region is    
which is after bioyield to the point of rupture (Albanese, 1987; Mohsenin, 1986) . However, 
the first section of the curve is not always as linear as it is shown in Figure 2-2 and Figure 2-
3. There will be some semi-linear behaviours due to the type and shape of samples, similar to 
what has been shown in Figure 2-4.  
23 
 
 
Figure ‎2-3: degree of elasticity from the loading-unloading curve.  
De= elastic or recoverable deformation; Dp=plastic or residual deformation; De/(Dp+De). (Mohsenin, 1986) 
 
Degree of elasticity is defined as division of elastic deformation over sum of elastic and 
plastic deformation, which is possible to calculate from the force deformation curve. 
 
Figure ‎2-4: Force deformation curve for materials with and without a bioyield point (Mohsenin and Mittal, 1987) 
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Bio-yield is a point is stress strain or force deformation curve in which deformation will 
increase with decrease or no change in force; this point usually occurs in compression tests 
of biological materials and it assumes one of the differences between biological material and 
engineering materials (Mohsenin, 1986). As has been presented in Figure 2-4, Force 
deformation curve can or cannot include bio-yield for different types of materials. 
Rupture point is another mechanical characteristic of materials which indicates from a force 
deformation curve, the point “at w ic  t e axially loaded specimen ruptures under a load” 
(Mohsenin, 1986). In agricultural tissues, rupture may appear as puncture of peel or skin, 
cracking or fracture plans. It is possible to describe bio-yield as a microstructure failure in 
tissue and rupture as macrostructural failure. The difference between brittle material and 
tough materials is the place of rupture point, as in brittle material, rupture happens early after 
bio-yield. However, for tough materials it  may take place after a considerable plastic flow 
suc  as point “R” in Figure 2 (Mohsenin, 1986). Aviara et al. (2007) reported different types 
of force deformation curve for citrullus colocynthis and citrullus lanatus fruits. 
Depending on the type of tissue, a different form of force deformation curve would be 
possible; here a summary of different curves has been collected. In a study by Singh and 
Reddy (Krishna K. Singh & B.S. Reddy, 2006), compression tests were performed for skin 
and whole orange tissue. A similar approach has been used by Emadi et al. (2009) on melon 
and melon skin to collect data of force and deformation of samples. In the study by Grotte et 
al. (2001) the force deformation details of apple with and without skin has been studied. 
2.5.2. Stress- Strain Curve 
After collecting basic information during loading of agricultural materials, the details of 
force and deformation obtained from experimental study were used to determine stress and 
strain values of samples. There are standards for sampling and experimental studies, 
depending on the tissue and materials (see testing mechanical properties of tough skinned 
vegetables/pumpkin section). For solid materials w ic  don’t flow, Hook’s law is applicable, 
when the Hookian solid is under shear stress (Steffe, 1996 and Mohsenin, 1986): 
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Equation ‎2-1 
 
In Equation 2-1, G is the shear modulus. Additionally, when the Hookian solid is under 
compressive or tensile stress (Steffe, 1996 and Mohsenin, 1986): 
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 Equation ‎2-2 
For these materials stress is equal to the ratio or force over the cross sectional area (Steffe, 
1996 and Mohsenin, 1986): 
   
 
 
 
 
   
  
 
   
 Equation ‎2-3 
Strain in the uniaxial loading, which includes change in length (   ) over the initial length 
(  ) or radius (for cylindrical sample), and is calculated from Equation 2-4: 
 
  
  
  
 
  
              
            
 
     
     
 
Equation ‎2-4 
Poisson ratio ( ) varies between 0.0 and 0.5, and for biological materials it usually varies 
from 0.2 to 0.5. In rigid materials with large amounts of air it is nearly 0.0 and for liquids-
like materials it is 0.5 (Steffe, 1996). As Steffe (1996) stated, Poisson ratio for apple flesh 
would be near 0.2 however this ratio for metals is usually between 0.25 and 0.35.  
2.5.2.1. Different types of stress-strain trends 
Different materials behave differently under mechanical loadings and the stress strain curve 
differs regarding different materials’ behaviours. Particularly, food materials’ behaviour is 
“far from being simple” (Calzada and Peleg, 1987) because of various properties and 
characteristics of these materials under loading. In a survey on material behaviours, Calzada 
and Peleg (1987) tested seven different food materials including: Bologna sausages, bread 
loaves, cheddar cheese, potato, squash, turnips and 5% agar gel.  
26 
 
Although the behaviours of food materials are not exactly similar due to different material 
differences, Calzada and Peleg (1978) have classified these behaviours into three 
fundamental parts including: 
 An apparent linear region 
 A concave upward trend 
 A convex upward stage 
Calzada and Peleg reported t at t ese t ree p ases are possibly t e results of “two antagonist 
mechanisms which participate in the compressive large deformation process”: 
(a) Reduction in overall strength with structural fracture in elements 
(b) A denser structure as a result of compaction in original and fractured elements which 
overall increases strength.  
Agricultural crop materials behave differently under compression loading tests; according 
the results of these tests, bio-yield and rupture point are the main differences between food 
materials and other engineering materials ((Mohsenin, 1986) in (Steffe, 1996))(Figure 2-5). 
These phases consist of a linear region (a-b) up to linear limit (b), Young’s modules may be 
calculated from the ration of stress strain in this portion of curve. Additionally, firmness is 
the slope of the linear section of curve. The bio-yield (c) which defines microstructure failure 
and finally macrostructural fractures which happen in rupture force (d) (Steffe, 1996).  
 
Figure ‎2-5 : generalized compression curve for a biological solid (Steffe, 1996) 
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2.5.2.2. Stress and strain hardening test  
After a loading and unloading period there is always a level of residual deformation 
remaining in tissue; it is due to initial settings regarding t e “pores or air spaces, weak 
ruptured cells on the surface, microscopic cracks in brittle materials such as grains, and other 
discontinuities” in tissue structure (Mohsenin, 1986).  “Since eac  additional amount of 
plastic deformation requires an additional increment of stress, the process of loading and 
unloading in metals results in be aviour called strain  ardening” (Mohsenin, 1986). 
Mohsenin (1986) has presented a diagram of plastic and residual deformation and strain 
hardening phenomenon in biological material; Mohsenin reported that there was no 
difference between the slopes of the curves in these cases. This indicates that the ratio of 
force and deformation (F/D) had same values for the first and the subsequent cycles of 
loadings.  Mo senin (1986) also concluded t at “t e modulus is not affected by strain 
hardening, which is a variable property depending on the factors which will influence the 
plasticity of t e materials”. 
The process of loading and unloading can be either a closed loop which is called “elastic 
hysteresis” for example, the behaviours of rubber or there will be residual deformation which 
is called “elastic-plastic hysteresis”. In bot  cases, a loss of energy will happen, which 
“referred as  ysteresis loss, is obtained by taking t e difference between t e work of loading 
and t e work of unloading” (Mohsenin, 1986).  
 “T e closer material is to being perfectly elastic, the smaller is the hysteresis loss. Since the 
energy loss is converted mostly to heat, hysteresis loss may be taken as a measure of 
temperature rise in the material. In engineering materials, hysteresis loss is also referred to as 
specific damping capacity, useful in evaluating t e material for its ability to damp vibrations” 
(Mohsenin, 1986). It is also observed that in higher moisture, the rate of hysteresis loss is 
higher; it is due to the fact that in higher water content the plasticity of the grain will increase. 
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2.5.3. Calculating Mechanical Characteristics 
Running loading tests using universal test machines (Instron) is a general method of 
calculating mechanical properties of materials. Force versus deformation results of test, and 
given speed of loading and known dimensions of specimen and indenter were used to 
determine stress and strain values. Toughness, stress strain curve, modulus elasticity, rupture 
force, degree of elasticity and yield stress are other fundamental properties which are 
available from the results of test. 
 Stress 
Stress is usually defined as force per area: 
   
 
 
 Equation ‎2-5 
And it can be compressive, tensile or shear regarding to the mechanical test that has been 
carried out.  
 Strain  
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 (Mayor et al., 2007) 
Equation ‎2-6 
 
 Elastic modulus 
Regarding ASAE, elastic modulus of convex food materials is a function of maximum and 
minimum radii of curvature (Standards, 2008), and depends on the type of compression 
different formula that is used: 
a) Parallel plate contact  
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Equation ‎2-7 
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b) Single plate contact 
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 Equation ‎2-8 
c) Spherical indenter on a curved surface 
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 Equation ‎2-9 
d) Spherical indenter on a flat surface 
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Equation ‎2-10 
 
In Equations 2-7, 2-8, 2-9 and 2-10, E is apparent modulus of elasticity (Pa), D is 
deformation (m), µ is Poisson ratio, F is force (N), RU and RU’ are radii of curvature at the 
point of contact for the upper convex surface (m), RL and RL’ are radii of curvature at the 
point of contact for lower convex surface (m), R1 and R1’ are radii of curvature of convex 
body at the point of contact, d is diameter of curvature of the spherical indenter (m), KU and 
KL are constant (Kozma & Cunningham, 1962). 
Additionally, Mohsenin (1986)(Mohsenin, 1986) stated that modulus of elasticity or the 
elastic modulus is calculated as ratio of stress to strain in the linear portion of stress strain 
curve or in the elastic region.  
   
 
 
 
   
    
 Equation ‎2-11 
It is often defined as degree of elasticity of food materials. However Mohsenin (1986) 
stated t at “it is actually an indication of rigidity and stiffness of t e material and not its 
degree of elasticity”.  
 Toughness  
Approximated area under stress strain curve up to the rupture point which indicated the work 
that is essential to create rupture (Mohsenin, 1986). Toughness is estimated from: 
   
 
 
     Equation ‎2-12 
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Where    is rupture force,    is deformation in rupture force. However, it is possible to 
compute the toughness on bio-yield or fracture point to measure the required work to reach 
bio-yield point or create a fracture on material.  
 Degree of elasticity  
Degree of elasticity is defined as the ratio of elastic deformation to the sum of elastic and 
plastic deformation “w en a material is loaded to a certain load and t en unloaded to zero 
load” (see Figure 2-4). 
                      
  
     
 
Equation ‎2-13 
 
2.5.4. Poisson Ratio 
Poisson ratio is “t e negative of t e ratio of transverse strain to corresponding axial strain 
resulting from an axial stress below t e proportional limit of t e material” (ASTM, 2004). 
Poisson ratio has different values if the material is not isotropic. In other words, for 
anisotropic material the rate of displacement in each direction will be different.  
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Equation ‎2-14 
 
It is also mentioned (ASTM, 2004) that Poisson ratio can be calculated using: 
  
 
 
  in isotropic case and   (
 
  
)    for anisotropic materials w ere E and G Young’s 
modulus and shear modulus respectively.  
More specifically, when a load applies to a solid, deformation will happen in the direction of 
force, plus expansion or shrinkage in other directions, depending on direction of force 
(Figure 2-6). 
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Figure ‎2-6: Poisson ratio in tensile and compressive loading. 
For small specimens such as food particles, there is another method of calculating Poisson 
ratio (Texture in Food volume2: solid foods, 2004): 
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Equation ‎2-15 
 
In Equation 2-15,     and    are Elastic Muduli in unconstrained and constrained uniaxial 
loading tests. The second equation is used for the case where recording lateral displacement 
is difficult, so the uniaxial loading test is done for two set ups including a test with lateral 
displacement (constrained) and the second one without lateral displacement (unconstrained) 
(Texture in Food volume2: solid foods, 2004). Regarding the data stated by Mohsenin (1986), 
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for food materials Poisson ratio is between 0.25-0.5; additionally this parameter is between 
0.25-0.35 for apple flesh and 0.49 for potato tissue.  
Generally, a tension test is performed to determine the values of Poisson ratio of different 
materials. However, it is possible to use a compression test to measure this property. 
2.5.5. Rheology and Food Processing Engineering 
Mechanical properties and rheological characteristics of materials are important definitions 
in material properties; based on the basic meanings mechanical properties relate to the 
behaviours of objects under applied load. Rheology is also defined as knowledge of 
deformation and flow in materials; from an engineering standpoint, loading materials creates 
deformation and flow, and as a result mechanical and rheological properties describe the 
same behaviours of food materials. It is acceptable to consider rheological properties as the 
“time effect during t e loading of a body” (Mo senin, 1986; Rao, 2007). As Mo senin (1986) 
stated, “r eologically t en, mec anical be aviour of a material is expressed in term of t ree 
parameters of force, deformation and time”. As  as been mentioned before, rheology is 
about deformation and flow in materials, in both cases elastic and inelastic phenomena might 
occur; moreover, the design of continuous food industrial processes is essential to predict 
different possible changes during these operations. In addition, determining suitable quality 
control parameters for raw and processed material is another reason of rheological studying 
(Holdsworth, 1971).  Generally, materials’ behaviour depends on their initial characteristics 
and it is possible to categorize them in to the following groups: 
 Hookian 
 Non-Hookian 
 Visco-elastic 
 Visco-plastic 
 Bingham 
 Non-Bingham 
 Newtonian 
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 Non-Newtonian 
2.6. Physical Properties of Food Particles in Food processing 
Engineering 
2.6.1. Moisture content 
The moisture content of agricultural and food material has direct effects on stability and 
quality of food products. Particularly, it influences the exact evaluation of material balance 
and processing losses (Pomeranz & Meloan, 2002). It was known as the nutritive value of a 
food by Pomeranz and Meloan (Pomeranz & Meloan, 2002). Moisture content of products 
varies for fruits and vegetables; the amount of moisture and the rate of change in the rate of it 
can directly affect the structure of fruit and vegetable tissues (Barta, Cano, Gusek, Sidha, & 
Sidha, 2006). For example, the water content of some vegetables has been reported by 
Pomeranz including: white potato 78% water, sweet potato 69%, Radishes 93%, parsnips 
79%, green lima beans 67%, and cucumber over 96% (Pomeranz & Meloan, 2002).  
There are different methods of measuring moisture content including (Pomeranz & Meloan, 
2002): 
 
 
 
a. Equilibrium moisture content 
It is the moisture rate at which the particle does not absorb or lose moisture; one of the 
classical equations for it has been given by Henderson and Perry, (1966 in (Mohsenin, 1986) 
which is: 
            
 
 Equation ‎2-16 
In Equation 2-16,  rh, T, Mc ,K and n are relative humidity (decimal), absolute temperature 
(
0
R), equilibrium moisture content (%d.b.), K and n are constants respectively. 
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b. Drying method 
This method is simple and relatively rapid, which provides the possibility of analysing large 
numbers of sample. The drying method is based on losing weight by heating the specimen. 
The temperature, according to the literature, should be between 70
0
 to 155
0
C (Pomeranz & 
Meloan, 2002). For food particles, drying can be carried out for a certain period of time or 
until weight loss stays negligible (2 mg for a 5 mg sample in 1hr) (Pomeranz & Meloan, 
2002).  
1. Air oven method: There are two main types of air oven, convection type oven or 
forced draft oven. The forced drafted oven is more preferable as it provides rapid 
temperature increase. In this type, the main considerable principle is the precision of control 
and uniformity of temperature at different positions of oven; “a good oven s ould  ave a 
thermoregulator of ±0.5
0
C or less that will maintain its setting without requiring constant 
adjustment” (Pomeranz & Meloan, 2002). This problem can be eliminated by proper 
distribution of samples in the oven, adequate insulation and placing a limited number of 
specimens on the middle shelf of heater (Pomeranz & Meloan, 2002). A mechanical air 
circulator also can be helpful to balance heat inside the oven. The Chopin oven is a common 
air oven with temperature up to 200
0
C, in this type, both steam and acetylene are used to dry 
samples for this method; drying time for flour is 5 min and for ground grain 7 min 
(Pomeranz & Meloan, 2002). 
2. Vacuum oven method: this method is one of the appropriate methods for measuring 
moisture content of biological material, as usually it is difficult to remove the last 1% of 
moisture, particularly in biological materials. ”T e rate of drying can be increased t roug  
lowering t e vapour pressure in t e air by using vacuum”;   for most vacuum ovens, drying 
temperature is 98-102
0
C with the accuracy of ±0.2
0
C (Pomeranz & Meloan, 2002). 
3. Other drying methods 
 Infrared drying: because of penetration of heat during drying process this method is 
more effective and 12-33% quicker than conventional methods. In this method, a 250-500W 
lamp is used to remove moisture, it creates 2000-2500K. These dryers are equipped with 
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“force ventilation and/or connected to torsion balances with indicator scales to read moisture 
content directly” (Pomeranz & Meloan, 2002) 
 Microwave: These types of dyers are very quick in removing water and as a result 
they are preferable for drying specific samples that need a rapid process to prevent 
decomposition. They can be equipped with built-in balances, digital displays, and 
microcomputers to calculate moisture (Pomeranz & Meloan, 2002).  
 Dehydrating or water absorbing chemicals: Such as sulphuric acid, freshly ignited 
powdered lime, phosphorus pentoxide, or lumps of calcium carbide; however using these 
methods in room temperature is not applicable as they are slow and cannot remove water 
content of some food completely (Pomeranz & Meloan, 2002).  
 
 
4. Distillation procedures 
This method has been used for almost 100 years and consists of two different types: “water 
is distilled from an immiscible liquid of high boiling point. The sample suspended in a 
mineral oil having a flash point much above the boiling point of water is heated to a 
predetermined temperature in a suitable apparatus. The water that distils off condenses and is 
collected in a suitable measuring cylinder” (Pomeranz & Meloan, 2002). In the second type, 
the mixture of water and immiscible liquid is distilled off and collected to measure the 
volume. T e most common met od is “distillation wit  an immiscible solvent under a 
refluxing-type of condenser” (Pomeranz & Meloan, 2002). 
Distillation methods compared to chemical applying methods create less decomposition. In 
this method, xylene, toluene or tetrachloroethylen are usually used as distillation liquid 
(Pomeranz & Meloan, 2002).   . 
5. Chemical assays 
- Karl Fischer Titration 
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These methods apply for food particles that have shown erratic results from vacuum methods; 
Karl Fisher is a common chemical method of measuring moisture content. Karl Fischer is an 
applicable method particularly for sugar-rich foods, such as honey and sugar (Pomeranz & 
Meloan, 2002). This method uses the procedure introduced by Bunsen (1853 in (Pomeranz & 
Meloan, 2002)); this method consists of the following formula: 
                       
The reaction is completed in two steps: 
                                                    
                               
“For each mole of water, 1 mole iodine, 1 mole sulphur dioxide, 3 mole pyridine and 1 mole 
met anol are required” (Pomeranz & Meloan, 2002). . 
- Other Chemical methods 
This method uses the fact that powdered calcium carbide reacts with water and acetylene 
will be produced. “T e quantity of acetylene can be measured by t e loss in weig t of 
mixture, pressure or volume of the gas produced in a closed system, and the formation of 
copper acetylene”. T is met od is rapid (5-10 min exclusive of sample preparation) and 
simple  owever it is limited regarding t e fact t at “t e use of corrosive reagents makes it 
unattractive for use in routine quality control” (Pomeranz & Meloan, 2002).   
6. Physical procedures 
- Infrared determination 
T is met od is based on “t e absorption at wavelengt s c aracteristics of the molecular 
vibration in water”; it is a useful method, which is faster and more precise than the vacuum 
oven method. It has been applied for dried vegetables and spices, however it has some 
limitation in measuring moisture content of meat products (Pomeranz & Meloan, 2002).   
- Gas chromatographic method 
In this method, water is removed using an organic solvent and determines water in the 
extract by gas chromatography. It has been reported that the chromatographic method is a 
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reliable method for cereals, cereal products, fruits and fruits products (Brekke and Conrad 
1965 in (Pomeranz & Meloan, 2002)). 
- Nuclear Magnetic Resonance Methods 
The principles of nuclear magnetic resonance (NMR) can be applied to measure moisture 
content of food samples. This method is very rapid, non-destructive, accurate, and 
applicable for many food particles (Pomeranz & Meloan, 2002). 
- Electrical methods 
This method requires relatively long periods of time and it can be affected by the texture of 
food, packing, mineral contents, temperature, and moisture contribution. Several pieces of 
equipment are used by industry to remove moisture, using an electrical method such as 
the Universal, Marconi and Tag-Heppenstall meters, however, all of these instruments are 
influenced by distribution of moisture in the sample (Pomeranz & Meloan, 2002).  
- Miscellaneous physical methods 
Densimetric methods are applicable for determining dry solids in milk, sugar solutions, fruit 
products, beverages, corn syrups, honey, candy and salt solutions and results are the most 
reliable and rapid for t ese products. “T e met ods described thus far were designed to 
measure (directly or in directly) t e total moisture content of foods” (Pomeranz & Meloan, 
2002).  
Apart from the method applied for measuring moisture content, the following formulas 
have been presented for calculating wet-basis and dry basis moisture content (ASAE, 
2007): 
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 Equation ‎2-20 
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In Equations 2-17 to 2-20,     and     are Wet-basis moisture content and Dry-basis 
moisture content,    and   are mass of wet material and mass of dry material respectively.   
Regarding the ASAE standards for unground grains and seeds, oven temperature, heating 
time and sample size are considerable factors in measuring moisture content (ASAE, 2008). 
Sample size is an important factor in the determination of moisture loss that happens during 
sample preparation. As a result it is recommended to prepare larger samples to reduce the 
effects of moisture loss (ASAE, 1972).  
2.6.2. Density Test  
Density is defined as the weight of object over the volume of it (Sahin & Sumnu, 2006); in 
food materials regarding the shape and size of materials, it is usually difficult to measure the 
volume of materials. The other considerable factor is the material structure; for example, the 
middle hollow part of pumpkin, melon, or the seed inside stone fruits (peaches, apricots) or 
the liquid inside tomatoes makes the volume determination different from other types of 
materials. Regarding this complexity of material, different types of density have been 
introduced (Sahin & Sumnu, 2006): 
- True Density (t): the density of the pure object without considering the porous parts. 
- Solid Density (s): density of solid material including the water inside but excluding the 
porous area filled with air. 
- Material (Substance) Density (m): density of pieces of complex material when it 
doesn’t include porous parts and air. 
- Particle Density (p): density of object that has not been structurally modified; it 
includes the internal porous parts. 
- Apparent density (app): density of object including all porous parts; it is usually 
required to use the liquid displacement method to determine the volume here, as the 
samples are complex. 
- Bulk Density (bulk): density of objects in a known dimension container or pack. 
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As mentioned before, determining density of irregular shapes such as food particles is 
not possible using common methods for other materials. There are three methods of 
calculating density of complex shape objects (Hodgman, Veazey, & Ed, 1977) 
including: 
- Using a spring scale, the first object is hanged from the scale and the weight will be 
read. Afterward, when the object is submerged in the water the new weight will be less 
than the first time. This is a simple method however the results might not be accurate 
enough.  
As is labelled, the density of mass will be calculated using Equation 2-21 as below: 
         
       
      
 
   
    
 
    
        
 
Equation ‎2-21 
 
- The second method needs a container of water, which is on a pan balance. This method is 
more accurate than the first method. In this method the density will be calculated using 
the following formula: 
         
       
      
 
   
    
 
       
     
 
Equation ‎2-22 
 
- In a third method, a graduated cylinder is used to measure the volume of mass. The first 
object will be placed in the cylinder and it is filled with fluid up to a marked level; for 
marking the level of fluid, washers will be used. Then the object will be removed and the 
cylinder will be filled up to the same level. The difference between these two weights will 
give the volume of the object.  For calculating density, the buoyant force (B), will be 
equal to weight: 
      Equation ‎2-23 
     is the volume submerged and   is the density of fluid. 
         Equation ‎2-24 
  is the sum of mass of the floating object, the total mass of cylinder is     , and the 
number of washers used is n, and the mass of each single washer indicated with       . 
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                 Equation ‎2-25 
      is the volume of base,       shows the volume of marking on the graduated cylinder 
at the fluid line.  
                  Equation ‎2-26 
                             Equation ‎2-27 
                               Equation ‎2-28 
This is a linear formula with slope of  . 
The third method is a common way of calculating density of fruit and vegetable particles 
(Kheiralipour et al., 2008; Masoudi, Tabatabaeifar, Borgheei, & Shahbeyk, 2005) which has 
been used for apple, potato, and other agricultural crops. However in case of pumpkin with 
considering hollow part inside and problem of floating object, in combination with FE 
modelling requirement for the density determination of flesh and peel tissue, material density 
was introduced and used. Usually, water is the fluid with which to measure density, however 
it is recommended for fruit and vegetable samples (that absorb water), to measure density 
with some other fluid. This method will diminish the rate of possible error in which fluid will 
not be absorbed by the sample. Toluene and paraffin are some suitable choices.  In this study, 
the material density of pieces of peel and flesh pumpkin has been determined using water 
displacement method. 
2.7. Peeling methods of fruit and vegetables 
Peeling is a particularly important unit for most of the fruits and vegetables, with the goal of 
removing peel with the minimum loss of product. Common methods of peeling include, 
Thermal peeling (Steam Peeling and flame peeling), Mechanical peeling (knife and abrasive 
peeling) and Chemical peeling (caustic peeling). 
2.7.1. Thermal 
Thermal peeling is commonly applied for thick-skinned fruit and vegetables. Thermal 
peeling methods are categorised regarding the heat source which is employed, the two main 
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groups being wet heat and dry heat peeling. In dry heat thermal peeling, flame, infra-red and 
hot gas are heating sources and in wet peeling, steam is the principle heat supplier. Thermal 
peeling methods normally create lower losses because of the high degrees of control of time, 
temperature and pressure that are possible; however poor appearance of vegetable and fruits 
after peeling is one of the disadvantages of choosing this method of peeling. In addition, 
“small pieces of c arred skin” and cauterizing of t e fruit surface decrease t e quality of t e 
t ermal peeling process (Emadi, 2006). “Cooking ring” is anot er disadvantage of thermal 
peeling; this is a slightly cooked layer in the surface of final product of peeling stage. This 
disadvantage limits the practicality of thermal peeling in producing fresh fruits and 
vegetables, frozen products and also in the potato chips industry. Furthermore, in the thermal 
peeling stage, removing skin after applying heat would be a considerable factor which would 
increase energy consumption and lengthen the time required to complete the peeling step. It 
is essential to consider the limitation extent of applying thermal methods for thin skin fruits. 
Besides these points, using this method even for some thick skinned vegetables is not 
desirable, as it will create a cooked layer and will affect the quality of processed food overall, 
for example potatoes in the potato chips industry.  
2.7.2. Chemical 
Chemical peeling methods peel fruits and vegetables with the assistance of exposure to 
chemical and alkali solutions. The amount of time in which the crop is submerged in the 
chemical solution will identify the degree and results of peeling. The removed peel should 
wash out after the chemical peeling process has finished. Besides possible harmful effects on 
the flesh of the peeled product, other environmental concerns such as the high water 
consumption required and storage, disposal and management risk factors of the chemicals 
required for chemical peeling need to be taken into account. Additionally, the chemical 
method is not an appropriate peeling technique for some crops such as potatoes, because a 
higher percentage of lye solution requires removal of peel (Dauthy, 1995). Different types of 
chemical peeling are caustic (lye) and enzymatic.   
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2.7.3. Mechanical 
Mechanical peeling includes different types of mechanisms that interact directly with skin 
and remove it. Common commercial mechanical peelers are abrasive devices, drums, rollers, 
knives and milling cutters. Mechanical peelers can provide high quality fresh final products 
and they typically don’t create any  armful effects on t e fruit or the environment and they 
don’t create a cooked ring on t e surface of tissue. In addition, mechanical peeling methods 
complete the peeling process in one step and any further washing or removing skin would 
not be required.  Abrasive peeling consumes less energy than steam-based peeling methods 
(Masanet et al., 2008), however the general downside of mechanical peeling is the associated 
wastage losses. 
2.7.4. Tough skinned vegetables 
T e ‘tough skinned fruits and vegetables’ term has been defined based on the mechanical 
properties of fruits and vegetables (Emadi, 2006), and uses for fruits and vegetables with 
tough and uneven skin which belong to Cucurbitaceous family. The term ‘tough skinned 
vegetable’, has been introduced for the first time in 2006 (Emadi 2006) and consists of 
Curcurbitae family of fruits and vegetables including 125 genera and 825 species.  This 
family of fruits and vegetables has 125 genera and 825 species including “Cucurbitae 
(pumpkin and squash), Melothrieaen (bur gherkin, melon, and cucumber), Joliffieae (bitter 
melon), Benincaseae (wax gourd, watermelon, angled luffa, smooth luffa) and Sicyeae 
(C ayote)” (Wehner & Maynard, 2003). The flesh of the Cucurbitaceous family can be 
fleshy, such as cucumber, or dry inside in some varieties of pumpkin and squash. The outer 
layer c aracteristics also differ from “a soft and/or leat ery skin in cucumber to dried and 
 ard rind in mature pumpkin and squas ” (Deyo, 2008).  Cucurbitaceous crops are a good 
source of carbohydrates, energy, fibre, beta carotene and vitamin C. Cucurbitaceous 
production in Australia in 2007 reached 150,727 tonnes and Queensland with 41% was the 
biggest producer (2010). For the experimental and modelling investigation in this study, the 
Jap variety of pumpkin was selected as a model species, however the methodology and 
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model outputs will be applicable for other varieties of tough skinned vegetables. As has been 
presented in the Pollination Aware Report based on the Australian Bureau of Statistics (ABS) 
(Agriculture Commodities, Australia, 2008-09, 2010) Agricultural Commodities Small Area 
Data, Australia 2008-09, the pumpkin industry was valued at $43.5 million in the Australian 
economy, which was equal to 75% of total Cucurbit production. Regarding the reports of the 
ABS, the production of pumpkin increased to 102.5 million tonnes in 2007 with $70.3 
million gross value of production.  
This study will investigate the properties of pumpkin as a model of tough skinned vegetables 
from the Cucurbit family, in order to establish FE models of mechanical loadings of 
pumpkin tissues in addition to a process model of the mechanical peeling stage of this 
vegetable, using Finite Element Analysis theory.  
2.8. Current devices for mechanical peeling  
Peeling is one of the integral parts of the food processing industry, and the majority of 
agricultural crops have a peel to be removed at early stages of food processing.  
Among different methods of peeling fruits and vegetables, mechanical peeling is the 
common way of removing skin in agricultural products. There are a variety of mechanical 
peelers including: abrasive devices, drums, rollers, knives and blades and milling cutters. 
2.8.1. Abrasive devices/ multistage abrasive peelers 
These can be described simply as an abrasive surface or layer which rubs on the skin of fruits 
and vegetables and removes a skin layer.  
Multistage abrasive peelers are another type of abrasive device, which have higher efficiency 
because of more abrasive contact with the subject being peeled. 
2.8.2. Drums 
Peelers with drums contain an abrasive surface on the outer side of the drum; Singh (1995) 
stated that peeling efficiency and peeling losses of potato peelers with drum devices that had 
100 kg/h capacity, are 78% and 6% respectively. 
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In this type of fruit and vegetable peeler, peel layer is in contact with a serrated or roughened 
surface of drum during rotation which removes fruit skin. Usually with the peeler, a water 
spray is installed in order to remove and clean the final surface of fruits.  
2.8.3. Rollers  
This type of mechanical peeler also uses abrasive rollers to remove peel. In this type of 
peeler, cylindrical rollers rotate and peel the fruit or vegetable. In one specific type that was 
invented by Moll (1994), rollers with a brush surface rotate in the same direction but at 
different speeds to peel and also clean and polish fruit surface. 
As fruits or vegetables move along the length of abrasive rollers, peel is removed. For 
maximum use of abrasive rolling surface during peeling process, Wallace (2005) invented a 
multi stage abrasive peeler, which has the capability of splitting fruits into several groups 
along the rollers. 
In this type of peeler the speed and distances between rollers are adjustable and can be 
changed depending on the types of fruits and vegetables (Neidigh, 1989). 
2.8.4. Knives and blades 
This sort of peeling has a blade or knife which removes skin while fruit or vegetable are 
rotating or fixed on a holder. The majority of manual peelers use blades or knives to remove 
skin, however in batch peelers on an industrial scale generally skin is removed while fruits 
and vegetables move inside the peeling case. 
In large scale and industrial size, blade peelers consist of a rotary knife, which is mounted 
within the peeling case. 
Another type of peeler with blade is a pendulum blade with cutting edge and guiding plate. 
In t is type of peeler, “blades are eit er  eld on one side by a shake, like knife, or are 
supported at both sides between two lateral surfaces which continue often in a handle, thus 
forming a grip spaced from the peeling blade” (Rasa & Rasa, 2010). 
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2.8.5. Milling cutters 
A milling cutter is used in this type of peeler, which is a well- known method for spherical 
shape products (Cailliot, 1988). In milling cutters, a large number of teeth over a 
considerable diameter remove peel (Cailliot, 1988); because of the number of teeth 
combined with the high speed, the peeler takes out skin, producing small chips of skin. 
2.9. Damage/ Cause of Damage/ Impact in food processing operations and 
economical aspects 
As is discussed, one by-product of mechanical processes on agricultural products in 
processing or handling stages is defined as ‘mechanical damages’. The damage happening to 
food materials depends on different characteristics of tissue and it will have various results 
on seeds and grains, like threshing, and fruits and vegetables, like impact, bruise, unwanted 
deformation and injury.  
Depending on the characteristics of tissue and type of operations, these damages are caused 
as a result of internal or external forces. For example, “p ysical c anges suc  as variation in 
temperature and moisture content or c emical and biological c anges” (Mohsenin, 1986), as 
an internal force, can cause damage on fruit tissue as well as mechanical damages that 
happen during processing and handling as a result of external forces. Although Mohsenin 
(1986) reported that the reason for mechanical damages has not been investigated, it is 
possible to divide damages into two stages; microstructural and macrostructural damages. As 
has been mentioned before, microstructural fractures relate to the changes in elements in the 
bioyield point in the stress strain curve as well as macrostructural changes, which happen in 
the rupture point.  
Researchers study the damages and changes that occur during processing, applying different 
approaches including experimental, theoretical (mathematical), and computational (computer 
based models). Each method has advantages and disadvantages and regarding the type of 
tissue and operations the accuracy of each varies. Additionally, cost time efficiency of these 
methods is considerable in selecting them for different study. In the next section, different 
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aspects of theoretical and computer-based models will be explained and compared with 
experimental studies. The advantages and disadvantages of each, in combination with 
examples of previous studies that have applied these methods, will also be presented and 
discussed.  
2.10. Constitutive Models of Mechanical Loading of Food and 
Agricultural Materials 
Agricultural and food materials are subjected to various loading types from harvesting to 
processing up to the final stages. The response of these materials to the external loading 
processes can cause high rates of unwanted deformation on tissue, which eventually leads to 
food waste. As is mentioned previously, there are different types of methods to analyse these 
materials’ response to the loading. The common method is experimental testing, which 
provides the details of material response to the loading; mathematical theories and equations 
also can be used to determine the properties of these materials under loading operations. In 
this section a review of previous studies that have focused on the mechanical behaviours of 
food materials will be presented. 
2.10.1. Linear Elastic, Viscoplastic and Plastic Behaviours of Food and 
Agricultural Materials 
There are different loading processes that food material might undergo during post 
harvesting and processing stages. Although these processes are complex, in the study of 
tissue behaviours, they are usually broken down to simple loading stages such as puncture, 
indentation, compression and tensile. The properties of these materials can be studied under 
small and large deformations. Under small deformation, linear elastic theory and 
viscoelasticity have been used to describe mechanical behaviours of different food products 
(Aregawi, Defraeye, Verboven, De Roeck, & Nicolai, 2012; Lu & Chen, 1998; Lu & Puri, 
1991, 1992). Normally, a stress relaxation test is used to develop and validate these types of 
constitutive equations. There are different constitutive theories that have been applied to 
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food materials. Mooney-Rivlin is one of them; it uses the viscoelasticity concept to 
investigate material behaviours under loading (Lu & Puri, 1991). As is stated, the Mooney-
Rivlin theory presents good results for compression test results, while the results of this 
equation for nonlinear stress versus strain relationship of food materials under tensile testing, 
has not been describing material behaviours adequately (Lu & Chen, 1998). The other 
drawback of this theory is the inconsistent pattern of the coefficients of this model after 
fitting the experimental results.  However, the food materials usually face larger deformation 
during processes such as cutting, and peeling. In the other words, the failure and rupture of 
the material is a desirable phenomenon in this type of operation. As a result, it is essential to 
investigate t ese materials’ be aviours under large deformation. In a study on t ree food 
products, finite elasticity theory was used to establish a constitutive relationship based on 
strain energy function with the assumption of incompressible, isotropic and nonlinear 
response for the material. The other concept considered was pseudo elasticity, regarding the 
differences between loading and unloading response of food materials (Fung, 1993).  
2.10.2. Strain Energy Function  
There have been two types of strain energy functions used to describe biological materials’ 
properties under mechanical loading. For the exponential and polynomial functions, the 
polynomial functions have been used for plant tissues and the exponentials used for the 
living tissues (Fung, 1993; Gao, Lelievre, & Tang, 1993; Lu & Chen, 1998; Tang, Tung, 
Lelievre, & Zeng, 1997).  
Generally the behaviour of food materials is nonlinear and plastic under external loadings, 
however for the purpose of mathematical modelling, some assumptions are usually made.  In 
order to reduce the size and complexity of models, it is usually assumed that the material is 
homogenous and isotropic. Incompressibility is also another assumption that has been made 
in modelling the material response of agricultural tissue. High rate of water content is the 
main reason for considering agricultural materials incompressible. For constitutive 
modelling of behaviours of rubber-like materials, Mooney-Rivlin is a common theory (Lu & 
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Chen, 1998). However t ere is no consistence pattern in determination of t is equation’s 
parameters combined with inadequate results for this constitutive law for materials under 
tensile loadings (Fung, 1993; Lu & Chen, 1998).  In a similar study on constitutive 
modelling of food material, Lu and Chen (Lu & Chen, 1998) have applied a strain energy 
function used for isotropic and incompressible material in conjunction with finite elasticity 
theory to establish an exponential function for stress values of three different processed beef 
products. The coefficients of the proposed model have been determined using results of a 
uniaxial compression test for the samples of beef products. The model also has been 
validated with confined two dimensional compressing tests. The following formula was 
developed and used in the mentioned study: 
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 Equation ‎2-29 
In Equation 2-29,    , P,   ,  ,   , and    are stress (Mpa), load (N), cross sectional area 
(mm
2
), equation coefficient (Mpa), deformation ratio and coefficient of equation 
(dimensionless) respectively. And the deformation ratio was described as:  
   
 
  
   
  
  
 Equation ‎2-30 
Where the sample size before and after loading is determined as Eq.2, for the compressive 
loading the length after loading will be less than the initial length and in the tensile there will 
be elongation.   
The results of constitutive modelling have shown a very good agreement for the stress versus 
strain curves obtained from model and the constitutive modelling. The values of Root Mean 
Squared Error have been determined for best and worst cases of curve fitting and for both 
cases the error values were low, and as the author stated the results were reasonably accurate.  
Although the model developed in this study has shown accurate results to the experimental 
response, there has not been any similar study focusing on large deformation of agricultural 
and food materials. As a part of constitutive modelling, a constitutive model was developed 
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based on previous works on food particles (Lu & Chen, 1998; Lu & Puri, 1991, 1992), for 
pumpkin flesh and peel samples under an axial loading process.  
2.11. Theoretical (Mathematical) modelling of peeling process 
As mechanical response of agricultural and food materials has a direct effect on textural 
properties and quality of these products, it is important to have a good understanding of their 
behaviours under different loading stages. Mathematical modelling is a method of analysing 
the mechanical response of food materials in order to be able to investigate possible losses 
and final efficiency of production lines. There have been different studies previously 
applying mathematical methods to investigate different aspects of the food industry. In this 
section, a comprehensive literature review on different available constitutive and 
mathematical models of food-related cases has been presented.  
2.11.1. Mathematical model of agricultural systems 
Mathematical models of food processes describe the interactions of food and equipment 
involved with the process; these models include ordinary differential equations (ODEs) and 
ordinary differential and algebraic equations (ODAEs); in the study of nonlinear agricultural 
systems ODEs have been applied by Chalabi (1998). In this study nonlinear agricultural 
system is defined as: 
  ̇               Equation ‎2-31 
Where in Equation 2-31, t is time,      is the n-dimensional vector of elements that are 
the states of the system,      is the m-dimensional vector of elements that are the control 
variables which can be multipulated to drive the states of system into desired trajectories, 
    is the q dimensional vector of the disturbance variables,      is the r dimensional 
vector of system parameters and  ̇ is derivative of x with respect to time. 
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Equation ‎2-32 
 
 
In Equation 2-32,       ,      ,       ,          ,         and      are n-dimensional 
vector of elements, the unknown Volterra kernels , m-dimensional vector  whose elements 
are the control variables, the unknown Volterra kernels, m-dimensional vector whose are the 
control variables, and error term. The equation calculates n-dimensional vector of elements 
(x (t)) over the period [     ]. 
2.11.2. Mathematical model of chemical peeling of spherical foods 
The mathematical model is applied for chemical peeling of spherical foods (Barreiro, 
Caraballo, & Sandoval, 1995) and peaches (Barreiro et al., 2007); in this model the rate of 
peeling is assumed as a function of temperature, treatment time and lye concentration in 
addition to the other variables such as geometry, ripeness, peel thickness variety and fruit 
shape. In this kind of modelling, over-peeling is a main concern, being the result of 
inappropriate treatment time, temperature and lye concentration (Chalabi, 1998). As a matter 
of fact, understanding the relationship between effective factors (temperature, treatment time 
and lye concentration) is essential in modelling chemical peeling process, as various studies 
have been done in this case, including peaches (Olsen, 1941; Lankler & Morgan, 1944 in 
Barreiro et al, 1995), pears (Lankler & Morgan, 1944 in Barreiro et al, 1995), carrots 
(Havighorst, 1943; Stateler, 1945; Lee & Downing, 1973 in Barreiro et al, 1995), potatoes 
(Mazzola, 1943 in Barreiro et al, 1995), sweet potatoes (Woodroof & Atkinson, 1944 in 
Barreiro et al, 1995), beets (Lee & Downing, 1973 in Barreiro et al, 1995), apples (Powers er 
al., 1977; Smith et al., 1981 in Barreiro et al, 1995), mandarins (Athanasopoulos & Vagias, 
1987 in Barreiro et al, 1995), pimiento peppers (Floros & Chinnan, 1987, 1988 in Barreiro et 
al, 1995), tomatoes (Hart et al., 1974; Weaver et al., 1980; Schline et al., 1984 in Barreiro et 
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al, 1995), papayas (Hart et al., 1974; Weaver et al., 1980; Schline et al., 1984 in Barreiro et 
al., 1995), citrons (Cancel et al., 1972 in Barreiro et al, 1995) and yams (Rivera-Ortiz & 
Gonzalez, 1972 in Barreiro et al, 1995). In mathematical modelling of peeling process, the 
following assumptions were defined (Barreiro, et al., 1995; Barreiro, Sandoval, Rivas, & 
Rinaldi, 2007):  
 The fruit which is the object to peel is spherical. 
 Chemical reaction starts from outer layer and proceeds toward inner layer. 
 The reaction rate is a function of alkali concentration, temperature and time of 
peeling. 
 “T e temperature of t e product at t e location being reacted is similar to t at of t e 
aqueous peeling medium” (Barreiro et al., 1995). 
 The temperature and lye concentration of solution are constant. 
In modelling of chemical peeling, models develop based on the three main steps including: 
peeling equation, weight losses during peeling and texture changes during peeling (Barreiro 
et al., 1995). Regarding the study by Barreiro et al. (1995) on the chemical peeling process, 
the following equation has been defined as a final equation to describe peeling process: 
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Equation ‎2-33 
In equation 2-33,     is texture (mm of penetration),      is the initial texture (mm of 
penetration),   
  is the constant (1/min),   
  is the activation energy, R is universal gas 
constant (cal/K g mol) and T the peeling temperature (K) (Barreiro et al., 1995 and Barreiro 
et al., 2007). 
2.11.3. Mathematical model of thermal processes in food industry 
A mathematical model applied for heating and cooling food processes has been investigated 
in a study by Wang and Sun (2003), as heating and cooling were introduced as common 
thermal processes in food industry. In this study, two different methods have been identified 
52 
 
for describing thermal processes in the food industry, including Finite difference and finite 
element scheme. However the authors believe that finite difference (FD) is less satisfactory 
because of the complex shape of food objects. As a result, the finite element (FE) method is 
more accurate to model thermal processes in the food industry. As Wang and Sun (2003) 
mentioned, FE methods have been successful to describe mass and heat transfer for cooking 
(Chen et al. 1999; Ikediala et al. 1996; Lian, Lin et al. 1995; Zhang & Datta, 2000; Zhou et 
al., 1995 in Wang and Sun, 2003), drying (Ahmad et al., 2001; Jia et al., 2000a, b, c, d, 2001 
in Wang and Sun, 2003) and cooling (Arce, Potluri, Schneider, Sweat, & Dutson, 1983; 
Carroll, Mohtar, & Segerlind, 1996; Comini, Cortella, & Saro, 1995; Van Der Sluis & 
Rouwen, 1994; Mallikarjunan & Mittal, 1994, 1995; Wang & Sun, 2002a, b, c, d, e, 2003; 
Zhao, Kolbe, & Craven, 1998 in (Wang & Sun, 2003)). Finite volume or computational fluid 
dynamics (CFD) is a simulation tool for flow and heat transfer to give the prediction of 
velocity, temperature, shear, pressure profiles and other parameters in a fluid flow system 
(Sun, 2000 in Wang and Sun, 2003). CFD has been applied for various types of analysis in 
different fields including aerospace, automotive and nuclear, however just recently 
researchers have started to work in the food processing industry with the application of CFD 
(Sun, 2000 in (Wang & Sun, 2003)). Recent development of mathematical models for 
thermal processes in the food industry in the study by Wang and Sun (2003) has been 
investigated from heat transfer without considering mass transfer points of view: 
 Heat transfer through a food body in a liquid system 
As an example the mathematical model for brine in the heated can has been identified as: 
 
    
  
 
       
 
 Equation ‎2-34 
W ere E is t ermal inertia, “w ic  c aracterises t e temperature lag of the brine liquid from 
the temperature of outside heating medium, was experimentally determined by monitoring 
the temperature of the brine with linearly increasing, holding and linearly decreasing the 
temperature of t e medium” (Wang & Sun, 2003). Additionally,                     are: 
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temperature in medium fluid, temperature in liquid, change in temperature liquid and change 
in time.  
 Heat transfer through a food body with inner heat generation 
In this type of heat transfer, respiration of agricultural crops after harvesting can be a 
concern of generating inner heat; this rate of heat generation can relate to the temperature of 
product (Chau and Gaffney, 1990, Gowda et al, 1997 in Wang and Sun, 2003). However, 
regarding the simulation of inner heat transfer by Gowda et al. (in (Wang & Sun, 2003)), 
respiration doesn’t  ave a significant effect on t e processing time in cool storage. 
Microwave heated food is another group pertaining to inner heat generation, which is a 
common met od of food preparation in food markets and  ome. Fourier’s equation is used 
for modelling this type of heats in modelling of microwave heat , which is absorbed by food 
components and the heat losses on the food surface are considered as a boundary condition 
of the model (Wang and Sun, 2003). For microwave heat of rectangular and cylindrical food 
objects, finite element analysis is an appropriate method (Lin et al., 1995 in Wang and Sun, 
2003) 
 Heat transfer through a food body with irregular shapes 
For food objects with irregular shapes, the following equation has been applied with Carroll 
et al. (1996 in Wang and Sun, 2003) for processing time required for the temperature to 
reach the desired value: 
 
     
       
       
 
Equation ‎2-35 
In equation 2-35,             are gas constant in medium fluid and temperature in medium 
fluid. Although analytically it is not possible to obtain lowest eigenvalue , θ, and t e 
coefficient,  , t e pair of parameters θ and   can be estimated mathematically and with the 
finite element method (Carroll et al., 1996 in Wang and Sun, 2003). Moreover for the 
cooling process, the following model has been established by Mallikarjunan and Mittal (in 
(Wang & Sun, 2003)): 
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    (
      
      
)                  Equation ‎2-36 
 
    (
     
       
)                             Equation ‎2-37 
In equations 2-36 and 2-37, the coefficients   ,    and    values are obtained in terms of 
carcass and parameter of operation (Wang and Sun, 2003), and h is the heat transfer 
coefficient.  
 Heat transfer with evaporation on surface of foods 
Heat transfer on the surface by evaporation also takes into account boundary conditions, in 
the case of significant evaporative cooling (Chuntranuluck et al., 1998). As evaporation 
decreases weight, cooling should complete under conditions which minimize weight loss. 
Estimation of weight loss as well as cooling rate in the cooling process is simply possible 
with a finite element model that describes heat transfer. Moreover, boundary conditions 
should include other effective factors such as natural and forced convection, radiation and 
evaporation heat transfer on the carcass surface (Davey and Pham, 1997). 
 Mass transfer without considering heat transfer  
In the drying process, moisture loss is a main factor and in small scale, uniformity of 
temperature profile in food can be assumed. The moisture transfer through the food, which 
normally is described by the differential equation of Fick’s law of diffusion, can be 
expressed as (Wang and Sun, 2003): 
 
   
  
          
 
Equation ‎2-38 
In equation 2-38,     is change in composition ratio on water by weight and D is the 
diffusion coefficient, in which the coefficient of diffusion determines as (Rovedo et al, 1995; 
Simal et al., 2000 and Wang and Brennam, 1995 in Wang and Sun, 2003): 
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Equation ‎2-39 
 Conjugated heat and mass transfer through a porous food body 
In terms of porous foods, mass and  eat transfer is a complicated p enomenon including “t e 
drying of moisture materials, vacuum cooling of porous and moisture foods, heating and 
conventional cooling processes wit  significant moisture loss” (Wang and Sun, 2003). The 
Fourier equation and Fick’s law usually have been used for heat and mass transfer 
respectively,  owever couple  eat and mass transfer can also be modelled by Luikov’s 
coupled system (Luivok, 1975; Wu and Irudayaraj, 1996 in Wang and Sun, 2003)   
 Coupled heat transfer and fluid flow 
For solid foods, Fourier’s equation of  eat conduction and/ or diffusion equation of Fick’s 
law are usually used to describe the heat and mass transfer, and in addition for fluid flow of 
heating or cooling considered as a part of surface heat and mass transfer coefficients (Wang 
and Sun, 2003). With new computerised technologies, modelling of solid foods and the fluid 
flow of heating/cooling medium together are possible. Moreover, liquid or powdered 
materials are also types of coupled heat transfer and fluid flow problems. 
In this study, possible future research titles have been listed as below: 
 Improvement in accuracy of modelling 
 Surface heat and mass transfer coefficients 
 Food properties 
 Shrinkage during thermal processes 
 Sensitivity analysis for judging assumptions in models 
 Coupled heat and mass transfer with other models for analysing food safety and 
quality 
Properties are the essential details in determining the accuracy of models depending on the 
process; in the case of thermal processes, thermal properties of food objectives are required 
as well as mechanical properties for modelling mechanical processes. As a matter of fact, 
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running experimental tests to collect enough data on the properties of each type of food is 
needed.  
 Computer-assisted design and model predictive control 
 Challenges in the mechanisms underlying in the mathematical models 
 Heat and mass transfer through porous foods 
 Microwave heating processes 
 Turbulence flow during heating and cooling progresses 
2.11.4. Mathematical model of mechanical peeling of pumpkin 
In a study by Emadi et al. (2008) on mechanical peeling of pumpkin, a mathematical model 
of the peeling process has been published. In this study, the following assumptions were 
made (Emadi et al. 2008): 
 Peel removes in layers and in form of chips 
 The relationship between peeling rate and energy consumption of peeling have a 
linear relationship  
 Process has constant rotational velocity 
 Weight and size of fruit are same and constant 
Peeling rate is modelled as: 
                        Equation ‎2-40 
                 
 
  
  
  
     
  
 Equation ‎2-41 
    
 
  
                         
     
 
  
  Equation ‎2-42 
        
 
  
  
  
             
  
         
     
  
  Equation ‎2-43 
         
 
  
  
  
           
    Equation ‎2-44 
where in Equations 40 to 44,    is rotational velocity,   in unevenness of surface and   is 
actual portion of brush (Emadi et al. 2008). The model focusses on the rate of peeling in 
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relation to the required energy for removing peel, which has been assumed to be the 
combination of fracturing and scratching the crop layer during peeling (Emadi, Abbaspour-
Fard, & Yarlagadda, 2008).  
According to this study and t e ot ers’ results, rotational velocity, unevenness of produce 
surface and brush type are the main factors in a peeling rate model, and based on the 
validation of the model, all the considered parameters in this modelling significantly affect 
peeling rate.  
2.11.5. Summary  
Basically mathematical models of food processes describe the relationship of effective 
factors and variables in each specific process, which normally develop to analyse or optimize 
a system. In terms of simple processes, theoretical models are helpful, however in the case of 
more complex processes such as mechanical peeling, as a real process, the model would be 
difficult to analyse and understand. Particularly in nonlinear and plastic deformation, 
numerical equations are not thoroughly applicable, as well as complicated geometries which 
are a common characteristic of food objects. In some cases approximation and simplification 
in geometry and other effective variables are applied to create mathematical models, 
however these approximations decrease the accuracy of models.  
Non homogeneous, anisotropic and nonlinear material characteristics specifically during 
food processing and the mechanical peeling process make mathematical models very 
complicated, inaccurate and inapplicable (Karadelis and Omair, 2001, Sarig, 1991, Miller et 
al., 2007). Overall, there are a few numerical models with appropriate assumptions and 
approximations, which have successfully proposed and evaluated complicated processes 
including food processes. 
Mathematical modelling is a basic method of studying the interrelationship of variables 
involved in industrial operations. In this method, an equation of input and output variables 
interprets how a specific process works. There are some studies in modelling agricultural 
systems, chemical and thermal food processes. However this method of modelling has 
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limitations which decrease the applicability of it in complex cases. Regarding the nature of 
food processes which make them complicated, theoretical models are not reliable and 
accurate. Food particles’ material properties, and geometry, need simplification and 
assumption; as a result the final mathematical model will not be an accurate function to 
evaluate and estimate processing variables. 
2.12. Finite Element Modelling and simulation of industrial 
processes 
Regarding the limitations of numerical models in complicated processes, irregular 
geometries and nonlinear equations, to analyse complex processes, process models have 
been established. Finite element analysis (FEA) is a common and practical method of 
investigation and process modelling of industrial processes. In comparison with theoretical 
models, which require a list of assumptions and simplifications, computer models are highly 
flexible to decrease, increase “or completely switc  off a certain interaction between two 
components, wit out alerting t ose operating between ot ers in t e mixture”(Ettelaie, 2003). 
These models are reasonable in terms of time and cost compared with experimental studies. 
Several models have been published on metal, soft tissues (such as body organs: brain, 
kidney, liver etc.) and wood, however it has been only just recently that some works have 
been done on food tissues and objects. 
Food industrial processes include a wide range of mechanical, chemical and thermal 
processes in which food particles undertake various steps such as handling, washing, peeling, 
slicing, cooking, freezing, canning and packaging. Process modelling of food processing 
stages is one of the practical ways to evaluate and estimate energy consumption, material 
losses, deformations and rate of stress and strains involved with the process. As is mentioned 
before, food processes are complicated, nonlinear and non-homogenous processes and 
consequently, computer models have reasonable accuracy to describe these stages.  
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2.12.1. FE Modelling of Food Processes 
Process models are a part of the analytical methods of studying industrial processes; 
analytical approaches include three main groups consisting of “exact or closed- form 
solution, approximate but closed-form solutions and more recently, numerical solutions” 
(Puri and Anatheswaran, 1993). Computer models are an integral part of analysing 
engineering processes because of their great ability of predicting performance of new 
designs even before manufacturing the equipment (Schaldach et al., 2000). Furthermore the 
results of these types of models are possible to generalize for a certain class of problems in 
comparison with experimental results, which are not expandable for different cases (Puri and 
Anatheswaran, 1993). Finite element analysis (FEA) is a successful method of process 
modelling complicated food industrial processes, and has been applied for several operations 
in this industry including: vibration (Hui-zhi et al., 2006 and Lu and Abbott, 1996), fruit 
firmness (Dewulf et al, 1999, Lu et al., 2006), pressure and bruising in fruits (Lewis et al, 
2007), drop test (Kabas et al., 2008), developing fruit cell models (Wu and Pitts, 1999), food 
colloids (Ettelaie, 2003), internal bruising (Sadrnia et al., 2008), and dynamic collision 
(Dintwa t al., 2008). Current efforts on process modelling of food industrial operation have 
been listed and reviewed in the following section. 
2.12.2.  Dynamic collision 
Collision during industrial production lines is one of the main sources of causing mechanical 
damages to agricultural crops’ tissues; damages are generally t e results of vibration and 
impact. As an example, in potato line a loss of 20% has been reported as a consequence of 
static and dynamic impact (Baheri, 1997 and Molema, 1999). In the case of softer products, 
such as tomato, the deformations are higher and appear as puncture injury (Desmet et al, 
2003, 2004). Furthermore these damages in apple production have been stated as main 
source of quality loss (Batram et al., 1983).  
In a study by Dintwa et al. (2008), the dynamic collision of apple fruit has been investigated, 
the FE modelling has been created in                 . The mentioned software has 
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the capability of modelling non-linear material, non-linear geometries, non-linear boundaries 
as well as dynamic capabilities (Dintwa et al., 2008). Half of apple was modelled; choosing 
half of the fruit for geometry was motivated by the fact that applied in many pendulum 
impact experiments (Van Zeebroeck et al., 2003). Materials assume to be isotropic, and two 
models of collision have been established and been modelled, including: with a flat rigid 
plate and with another apple. Material properties for Jonagold apples were determined from 
literature and used in FE modelling (Hamann, 1970; Jindal and Mohsenin, 1976; Mohsenin, 
1977;Wu et al., 1994; Golacki and Stropek, 2001; Van Zeebroeck, 2005). 
The following results have been concluded in the study by Dintwa et al. (2008) on the apple 
collision: 
 The cortex material properties have a dominant role on mechanical behaviours of 
whole apples, consequently assuming the apple as a homogeneous model will not create any 
conflict in substantial modelling. 
 Kinetic energy losses can occur as a result of dynamic waves for apple fruit as a 
large and soft object, and the rate of energy losses depends on the elastic properties, 
geometry size of colliding fruits as well as collision velocity. 
 The energy loss increases while collision velocity increases. 
 Current experimental techniques on viscoelastic behaviour of apple are not suitable 
for stress relaxation tests, because of insufficient sensitivity in very short term tests such as 
collision. 
 Restitution coefficient decreases with increasing impact velocity. 
 Mathematical models on collision of two viscoelastic materials are inaccurate.  
2.12.3. Pressure and bruising 
A novel ultrasonic technique has been applied to model pressure and bruising on apple fruit 
which creates a considerable loss every year during post harvesting and food processing 
stages. Regarding the available references, wastage in the apple industry can be as high as 50% 
of total product (Lewis et al., 2007). Increasing inspiration rate and heat production, 
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damaged tissue and internal discoloration, and off-flavours in damaged parts are common 
results of bruising in t e fruit and vegetables’ tissue (Food and Nation 1989). In t e study by 
Lewis et al. (2007) the finite element method used to model apple, ultrasonic technique has 
been chosen because of its advantages, such as being non-invasive and not having any effect 
on the contact, consequently calibration of results to obtain contact pressure is possible. 
Different variables have been interred for different parts of fruit (core, skin and flesh). 
A second study on validation of the model has been conducted and simulated the response of 
a rubber ball and the outputs were compared with the experimental results” (Lewis et al., 
20087).  
In both studies the apple geometry has been assumed to be a simple model, and an ultrasonic 
test method was used to determine properties of the Golden Delicious variety of apple. This 
variety of apple has a pale skin, so any change in colour because of bruising is clear. In a 
pre-test, firmness and sugar content of apples was measured. The range of applied load on 
models was 2N to 100N. In the scanning progress, Perspex has been used because it has 
similar acoustic impedance to that of the apple and can improve the quality of measurement. 
The contact area between apple and Perspex was scanned in different repetitions with 
changes in loading rate.  
Validation of model usually contains “using simple specimen of known contact area, made 
from t e same materials as t e component under investigation”  owever it was impossible 
for apple; as a result the following numerical validation has been carried out: 
   ∑    Equation ‎2-45 
Where p is pressure in each cell and P is load. 
 
   ∑    
 
Equation ‎2-46 
Contact pressure has been assumed constant and K is the stiffness where c is the constant of 
proportionality. P is stiffness, and c calculated from the first apple scan, which was very 
similar for each scan, it means K is proportional to p.  
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Figure ‎2-7: Results of ultrasonic scan of contact area (Lewis et al., 2007) 
Some of the results of the ultrasonic scan in Figure 2.7, showed that it is clear that with 
increasing load, contact areas expand. The centre of contact has maximum pressure and it 
reduces away towards the edge. Maximum stress in the contact area was around 0.5 MPa for 
all range of applied forces; however the contact area increased with raising load. The result 
of this ultrasonic test appeared as a dent on the surface and did not have any discolouration, 
although after peeling the sample, brown parts on apple tissue was clear. In Figure 2-7 the 
contact area and load changes for Golden Delicious apple has been presented, which 
“indicate t at in loads above 35N, t e contact area will be over t is t res old” (Lewis et al., 
2007). For modelling apple in actual scale, a laser scan has been carried out on the Golden 
Delicious variety and the results (Figure 2-8) imported into LS-DYNA V8 to mesh and 
follow analysis. 
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Linear elastic material properties have been chosen for the simulation, although this  does 
not fit with the characteristics of fruit tissues; however it can be reasonable as a first effort in 
this case (Lewis et al., 2007). The contact pressure distribution is not uniform; it can be the 
result of actual geometry and surface waviness of apple t at “ as caused t e interface 
pressure to be fragmented at t is load” (Lewis et al., 2007). Maximum pressure was about 
0.65 MPa, which was slightly higher than the results of ultrasonic test, as load raises the 
maximum stress increased and it is the effect of selecting linear elastic and isotropic 
properties for flesh.  
 
 
Figure ‎2-8: FE model and difference in contact area with increasing load (Lewis et al., 2007) 
The results of the two applied methods in this study show a good correlation; peak stresses 
have same corresponding values however because of linear elastic material which has been 
selected in the FE model, the stresses increased with rising load. The authors of this article 
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have suggested more work on improving material properties in the FE model to provide 
more realistic results. 
The bruise value and absorbed energy have a direct relationship in dynamic impact loading 
and quasi-static loading for Granny Smith apples. Applied energy has been calculated from 
the force deformation figure (Figure 2-8); it is concluded from this study that apple flesh 
bruised easier in slow compression testing for the same applied energy. 
2.12.4. Drop  
Internal and external characteristics of fruits and vegetables identify their quality;size, shape, 
smell, appearance and product presentation are the external factors. In terms of internal 
characteristics, taste and texture are important (Kabas, Celik, Ozmerzi, & Akinci, 2008; O. 
Kabas & Ozmerzi, 2008). Internal stresses are one of the main causes of damage in 
agricultural products during the processing stages, and external forces are the reason for 
these stresses. As it is difficult to measure external loads, finite element methods have been 
established to model mechanical and complex processes and predict and evaluate effective 
factors that create damages on tissues.    
Kabas et al. (2008) has conducted a compression test in order to calculate mechanical 
properties of tomato; in this case a force deformation curve is used to find out stress strain 
details. 
Poisson ratio ( ) was also calculated from the result of a special loading test as has been 
shown in Figure 2.44, and the following formulas are: 
   
  
  
 
     
     
 Equation ‎2-47 
where  ,  ,    and    are initial diameter, final diameter, initial length and final length 
respectively.  
Deformation energy was also calculated from: 
   
       
      
 Equation ‎2-48 
65 
 
In this formula, R is the radius of curvature of the tomato,   , d and F are deformation, 
diameter of cylindrical probe and compression force respectively. 
For the simulating drop test, FEM which is a powerful method to model engineering 
processes, has been applied. Kabas et al. (2008) used Cosmoswork FEA software to model 
the drop test; in this model velocity has been calculated based on          , where g 
(     ) is gravity and h (m) is the drop height. 
In this simulation Kabas et al. (2008) considered the general  equation of motion as:      
                 where      ,       and       are inertia, damping and elastic forces. 
This equation in static case is:           . All of the forces have been assumed time 
dependent. The external force (    ) includes gravitational and impact forces. The software 
used explicit method to simulate the model; the geometry of tomato has been completed in 
Solidwork 3-D, then tetrahedral mesh applied for the model, the properties which have been 
calculated from compression testing were also added to model for simulation. 
Default observation time has been identified with software from:       as L is largest model 
box size and    is square root of modulus of elasticity over density.  The following equation 
was used for damage  eig t, w ere   is damaging  eig t, ε is elongation, R is radius of 
curvature, m is mass and g is gravity: 
   
 
 
  
      
  
 
 
Equation ‎2-49 
 
The following results have been concluded in the Kabas et al. (2008) study: 
 Mechanical parameters of cherry tomato from compression test are: maximum force: 
23.81 N, deformation: 4.385 mm, Poisson ratio: 0.335, modulus of elasticity: 0.281 N    , 
and deformation energy: 7167 N. 
 Maximum deformation of solid body of tomato sample was equal to 4.33 mm in 237 
mm drop height. The maximum stress on the inner structure of tomato was 0.0529 MPa at 
2000 s after impact. 
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 “When the values and deformation behaviour are observed, it is seen that the values 
of simulation overlap with stress values from compression test data that were used to give 
the stress–strain curve” (Kabas et al., 2008). 
2.12.5. Firmness and Modal Analysis of Vibration 
Fruit firmness is a texture-related characteristic which shows the quality of fruit. Firmness is 
generally measured with the Magness-Taylor technique using penetrometers (Lu and Abbot, 
1996, Dewulf et al., 1999 and Lu et al., 2006). MT method is a destructive method and 
“cannot be used for on-line control of fruit quality” (Dewulf et al., 1999 and Lu et al., 2006). 
Mechanical resonance is an alternative method to evaluate fruit firmness which includes 
applying an impact, a periodical random or a random force at one point of the fruit sample 
then frequency response function (FRF) records at another point of sample, at last the 
firmness calculates from   
    where   is the lowest torsional or spherical eigenfrequency 
and m is mass (Cook, 1970, Clarke and Shakelford, 1973 in Dewulf et al., 1999). In this 
method, first resonant frequency identifies spheroidal mode (the longitudinal and second 
resonant frequency relates to the torsion or the flexural mode (Lu and Abbot, 1996). There 
are several studies on firmness using acoustic transmission, Magness-Taylor, compression, 
sensory evaluation, wood pendulum and measuring resonant frequency (Finney, 1970; Abbot 
et al., 1992; Abbot, 1994, Abbot and Liljedahl, 1994; Liljedahl and Abbot, 1994, Yamamoto 
et al., 1980; Armstrong et al., 1990; Huarng et al., 1993). Development of computer software 
and numerical methods provide a good opportunity to model and analyse complex 
geometries and material properties. As a result there are some studies on vibration of fruit 
tissues in order to obtain the details of fruit firmness (Chen and De Baerdemaeker, 1993; 
Cook and Rand 1973, Rosenfeld et al., 1992, 1993; Wu et al., 1994; in Lu and Abbot, 1996, 
Dewulf et al., 1999 and Hui-zhi et al. 2006).  
In a study by Lu and Abbot (1996), a three-dimensional model of apple including skin, flesh 
and core has been developed then finite element modal analysis applied and finally the 
effects of the applied method on fruit firmness discussed. In this study it is assumed that 
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apple behaves elastically under the loading and also the damping effects have been neglected; 
t is study” focused on modal analysis, the actual deformation (or vibration amplitude) that 
t e fruit experiences is not directly relevant” (Lu and Abbot 1996). A commercial FE 
software package of MARC(MARC, 1994) was used. Moreover, the following equations 
were used to describe motion: 
  
    
   
      
    
      
  
    
   
  
Equation ‎2-50 
 
where in Equation 2-50, i,j=1,2, or 3;   ,   , and t are the displacement, the coordinate, time, 
density and  , 𝛌 and µ are the Lame constants. In this study no boundary condition was 
imposed on Equation 2-50.  
   
  
           
   
 
      
 
Equation ‎2-51 
 
In Equation 2-51, E and   are t e Young’s modulus and Poisson’s ratio. As  as been stated 
for elastic bodies with irregular boundaries and nonhomogeneous properties, analytical 
solutions are impossible to develop (Lu and Abbot 1996). As a result numerical methods 
should be considered. Alternatively, Lu and Abbot applied the finite element method to solve 
the first equation. 
In this study apple was assumed to be axisymmetric and four models with same volume of 
210    and density of 800      have been modelled. 
These models have been completed with regard to the data from Mustafa and Stout (1967 in 
Lu and Abbot, 1996) for Delicious, McIntosh and Jonathan apples. The core geometry was 
modelled with mechanical properties different than the skin and flesh tissue, and a simple 
numerical model was developed for eight node using isotropic element and 1100 numbers of 
elements.  
In this simulation, density of core and cortex was assumed to be 800       and for skin it 
was 1000     . All other properties were obtained from the study by Abbot and Lu (1995) 
and Mohsenin (1986).  
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Simulation on model (a) was carried out to investigate the relationship of elastic properties 
and natural frequencies. As a result five elastic modulus have been tested, from 2 to 4 MPa, 
where Poisson ratio was 0.3. Furthermore in three extra simulations, Poisson ratio varied 
from 0.2 to 0.4 and elastic modulus was constant and equal to 4.0 MPa.   
In another simulation on model (a), the difference of the skin and core on the vibrational 
modes and natural frequencies was studied; in this step first E=20.0MPa and Poisson ratio 
was 0.3 and the flesh and core had E=4.0MPa and Poisson ratio was 0.3. Then in the second 
run of simulation, the core had E=8.0MPa and Poisson ratio was again 0.3 with same 
properties for skin and flesh. 
Additionally the influence of shape on vibrational modes and natural frequencies was 
examined for four models of fruit, with E=4.0MPa for skin, core and flesh and Poisson ratio 
equal to 0.3. For studying size effects, also two other models of different size have been 
tested; which had the same shape and with 291 and 166   volume; in this simulation step E 
was equal to 4.0MPa and Poisson ratio was 0.3. 
The axial and radial displacement are zero and “planes perpendicular to t e stem-calyx axis 
remain planes before and after deformation” (Lu and Abbot, 1996). For t e lowest natural 
frequency, apple seemed to be twisting and the outputs for all models were the same. 
In the spheriodal mode, also axial and radial displacements are zero, however it depends on θ, 
and more importantly the planes did not stay plane although the circular cross-sectional areas 
remained circular. 
Finally, the non-axisymmetric mode has been applied, which is a more complex step as in 
this mode the deformation did not relate to θ. First, the non-axisymmetric mode which was 
same as t e second lowest natural frequency was a bending mode “in w ic  apple be aves 
like a beam subjected to bending forces at t e stem and calyx ends” (Lu and Abbot, 1996). 
The effect of natural frequencies on elastic properties has been studied; as it was stated 
Young’s modulus this has a direct effect on the natural frequencies. These results confirmed 
the results of some experimental tests (e.g. Abbot and Liljedahl, 1994; Armstrong et al., 
1990 in Lu and Abbot, 1996). 
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Skin and core had different effects on modes in modal analysis; skin was more effective on 
the torsional modes and less effective in non-axisymmetric modes and had lowest effect on 
spheroidal modes. The effectiveness of core properties was also different with higher effect 
in spheroidal modes. Moreover, it showed lower effect in non-axisymmetric modes and least 
effect in torsional modes. Consequently it is possible to conclude in designing mechanical 
devices with lowest torsional modes on core, minimized falling firmness quality will be 
achieved.  In skin stage, spheroidal modes should be reduced as these modes had highest 
effect on skin firmness.  
Apple shape changed with the natural frequencies of all modes; based on the results of 
simulation the ratio of major to minor axis has a large effect on measuring the frequencies. 
“T e results from t e t ree apple models of different sizes, show that the natural frequency 
decreased wit  t e increasing apple size or mass” (Lu and Abbot, 1996). 
 Stiffness factor of firmness corresponds with modulus of elasticity or shear modulus of 
equivalent sphere of similar mass of fruit (Dewulf et al., 1999) 
Pear has been modelled by applying the image processing method in the study by Dewulf et 
al. (1999), which consists of a JVC KY55BE camera and a Matrox Comet PCI capture card. 
The model then converted to ANSYS to continue FE method; the pear model meshed as a 
solid structure (solid45), with three degree of freedom and the following material properties: 
density: 860      , Young modulus: 2.0 MPa and Poisson ratio: 0.3. The model has been 
considered  omogenous and no boundary condition applied. “The eigenfrequencies of the 
higher modes are rather close and the corresponding mode shapes are complex except for the 
oblate-prolate modes where the deformation of the spherical calyx end of the pear is 
dominant”. 
The texture quality of the calyx end of pear is available from the results of oblate-prolate 
mode and for stem end of pear, the results of first bending mode. It is essential to consider 
changes as results of evaporation and water loss during storage in elastic properties of the 
neck of the pear; in this case numerical analysis has been done to identify the modes for that 
eigenfrequency as being sensitive to the material characteristics of the calyx end and stem 
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end of pear or not (Dewulf et al., 1999). From the sensitivity analysis it is concluded that the 
oblate-prolate mode is the most related eigenmode that determines firmness of the calyx end 
of pear. 
In another study Lu et al. (2005), has established a FE model for evaluation of bioyield 
probes for measuring firmness of apple fruit. In this study the goal was investigation about 
how different probe design, size, thickness and modulus of elasticity can affect the force 
deformation and stress strain details of material; for this, commercial software package 
MARC (MARK, 2000) has been used. A uniform stress distribution is an ideal condition to 
measure    ; as a result t e main aim of study by Lu et al. (2005) “was to determine an 
optimal probe design that would produce a uniform stress distribution in the contact region 
and minimize potential damage to t e fruit”(Lu et al., 2005). 
In the modelling process, apple was assumed to be axisymmetric with respect to the contact 
centre, and this assumption simplified the 3D model to a 2D model. The skin was modelled 
with 0.5 mm thickness and elastic with 10MPa modulus of elasticity and Poisson ratio equal 
to 0.3 (Clevenger and Hamann, 1968 in Lu et al., 2005), however the flesh assumed to be a 
linear viscoelastic material with Poisson ration of 0.3 (Mohsenin, 1986). A stress relaxation 
test has been carried out on 15 cylindrical samples (12.4 mm height and 20 mm diameter) of 
three varieties of apple including: Golden Delicious, Red Delicious and Fuji (Lu et al., 2005). 
The model has been meshed by 793 triangular elements for flesh and 46 quadratic elements 
for skin. From MT method the fruit firmness has been measured; it was about 60 N which 
assumes as a medium firmness. 
A probe consists of two parts: rigid part and soft tip, the soft tip made by rubber which is 
incompressible and shows nonlinear behaviour under large deformation. However, bioyield 
phenomenon often happens in low deformation levels and as a result, Lu et al. (2005) 
selected a linear elastic material for tip with Poisson ratio equal to 0.48 which is close to 
incompressible materials. In addition an approximately linear equation has been identified by 
Lu et al. (2005) for displacement:      in which K, U and f are the system stiffness 
matrix, t e displacement vector and force vector respectively. “In t is study, no penetration 
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constraint was applied to contact between the soft tip and the fruit, based on the solver 
constraint tec nique (MARC, 2000)” (Lu et al., 2005). 
The simulation has been done at 0.5mm/s loading rate with an 11.1 mm (7/16 in) probe, and 
2.5MPa modulus of elasticity for rigid body. Furthermore seven different probe sizes has 
been tested (4.8 mm to 14.3 mm) as well as different tip thickness between 0 and 5mm, a 
summary of these parameters. 
The results of simulation (Figure 2.56) have been validated by the result from compression 
test on Fuji apple fruit. The results of Force deformation (Figure 2.56) had remarkable 
correspondence of up to 8 mm deformation, and with increasing load the difference raised 
and in bioyield point the results of the FE model are 155 higher than compression results (Lu 
et al., 2005). The bioyield point assumed to be happening when the normal contact stress 
reached to 0.64MPa, which corresponds to the result of MT method for firmness (62 N).  
2.12.6. Vibration Characteristics of a Pear  
Hui-zhi et al. (2006) applied new image processing technology to model Huanghua pear as an 
unsymmetrical model using ANSYS 7.0 (Hui-zhi et al., 2006) and carried out a modal analysis 
on vibration. This process has been done by using a camera and capture card. After capturing 
image from several views, digital analysis software was used for loading images on screen 
(Figure 2.57), “after filtering the noise, the program determines the edges of the object and 
extracts the boundary points; then Visual Basic software (lab made) was used to scan and 
obtain t e coordinate of t is outline” (Hui-zhi et al., 2006).  
After completing the model, bottom boundary condition has been applied and meshed using 8 
node 45 solid elements. Material properties have been obtained from previous works including: 
density of 1000      , elastic modulus equals to 4.0 MPa and Poisson ratio was 0.3 (Teng, 
2002; Wang, 2003; Wang et al., 2004a; 2004b in Hui-zhi et al., 2006). In this simulation, three 
different volumes have been tested (pear A: 325    , pear B: 250    and pear C: 200    ). 
For studying dynamic behaviour of a model the following properties have been considered:  
a) To analyse the correlation of elastic modulus and frequency: 
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Elastic modulus of 2.0-4.0 MPa, Density of 860 
  
  
  Poisson’s ratio of 0.3 and Volume of 
325      
b) To analyse correlation of density and frequency: 
Elastic modulus of 2.0MPa, Density of 850-1000 
  
  
  Poisson’s ratio of 0.3 and Volume of 
325   . 
c) To analyse correlation of volume and frequency: 
Elastic modulus of 2.0MPa, Density of 860 
  
  
  Poisson’s ratio of 0.3 and Volume of 200-
350    . 
Six rigid body modes have been completed; these modes were less than 100Hz frequency; 
the details of these modes has been shown in Figure 2.59, including: torsion (No. 9, No. 13), 
bending (No. 7 (Fist mode), No. 8, No. 11 and No. 12), compression (No. 10) and complex 
bending (No. 14 and No. 15). The results of bending vibration (No. 8) presented in Figure 
2.60, clearly show the positive largest stress area as darker section of calyx end of pear and 
the largest negative stress area as darker area near the pear stem. 
In the comparison between simulation results and experimental modal analysis (Teng, 2002; 
Wang,2003; Wang et al., 2004a;2004b in Hui-zhi et al., 2006) the results agreed with 
experimental data however there were some discrepancies which were due to the assumption 
of homogeneity of model and linear elasticity of model, difference between numerical knock 
point and experimental one, the difference in material properties of model with real material 
in experimental study, and “t e measured frequency was based on the real pear with pericarp 
and core, and t e density of w ic  are  ig er t at fles ” (Hui-zhi et al., 2006). 
2.12.7. Model of Fruit Cell 
Simple models of fruit and vegetable cells have been established by researchers in order to 
investigate fundamental properties of tissues (Nilsson et al., 1958; Akyurt et al., 1972; Cooke 
et al., 1976; Pitt, 1982; Pitt and Chen, 1983; McLaughlin and Pitt, 1984; Pitt and Davis, 1984; 
Gates et al., 1986; Gao and Pitt, 1991). However in these studies the cells were assumed to 
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be symmetric, for example a sp ere or cylinder, w ic  is far from reality. “In reality, t e 
parenchyma call of vegetative tissue is elongated, non-symmetric in shape and its surface 
curvature varies” (Wu and Pitts, 1999); as a result of especial characteristics of cell geometry 
the responses to the loading and mechanical stages varies with geometrical characters. In the 
study which has been done by Wu and Pitts (1999), the following objectives were identified: 
 Developing 3D model of typical apple cell with image processing method and CAE 
techniques 
 Validation of computer model with the experimental results available in previous 
published works 
Serial selecting is a common method of 3D modelling of complex shaped solids, in which a 
series of parallel slices are cut and used to measure the geometrical features of the slices. A 
3D model has been completed by combining 2D model and thickness, the same as the 
method by Younce et al. (1991) has been applied for wheat kernel modelling (Wu and Pitts, 
1999); image processing techniques and CAE software were also used to improve and 
develop the model. For modelling cells, cross sectional cuts of undistorted cells of Red 
Delicious apple were used after fixation, dehydration, infiltration of resin, embedding, curing 
and sectioning. Then 1-2    cubes were prepared from 5 and 15mm beneath the apple 
skin.  
A video camera and TV monitor through a light microscope were used to observe apple 
tissue, the magnification of microscope was ×70. The following points have been considered 
for selection of slices: 
 “t e cell s ould be contained wit in obtained slices”(Wu and Pitts, 1999) 
 The cell should not have any discontinuous curvature and it should be intact.   
 The cell should be nearly elliptical, the same as typical apple cells. 
The cell image has been digitized using                  .  
The commercial package of CAE software          (Integrated Design and 
Engineering Analysis Software) which has been developed by Structural Dynamics Research 
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Corporation (SDRC) was applied to create a 3D model using recorded geometry details from 
previous step. 
The model contained 224 parabolic-quadrilateral thin shell elements along the skin; 
simulation for a single cell in compressive loading with a type of non-linear analysis has 
been carried out with       (MARC Analysis Research Corporation), and the properties 
of the model then interred from the previous works on apple fruit properties including elastic 
modulus equal to 26.4 MPa and 52.8 MPa for Red Delicious (Pitts and Davis, 1984), 
stiffness with value of 0.24 (Mohsenin, 1986)and t ickness 4 and 6 μm. T en two steps were 
identified for compression test: pressurization and compression.  
In pressurization simulation, turgor pressure, which has a considerable impact on the cell 
behaviour in compression test (Nilsson et al., 1958 and Pitt and Davis, 1984), was applied. 
Cell pressurization test was modelled based on initial turgor pressure in plants’ cells; in this 
case pressure was loaded to the internal surface of cell. After modelling initial pressure, 
compression test was modelled by moving two platens toward each other (Figure 64 (c)). 
Additionally, turgor pressure was considered as internal pressure which has been applied 
with plying pressure on the internal surface of cell. Turgor pressure has been defined by Wu 
and Pitts (1997) as:            in which     ,    and k are cell turgor pressure during 
compression, initial turgor pressure and constant respectively.  
Compression simulation has been divided into two steps: “determining t e maximum cell 
dimensions extended due to initial turgor pressure load and measuring stress and strain 
results from cell compression” (Wu and Pitts, 1999). In advance of the compression test, the 
dimension of cell before and after process was measured in order to capture the effects of 
internal pressure loading on the cell structure.  
Various initial turgor pressure and different cell wall properties were measured for different 
extended cell dimensions; eight simulations were run for a different range of initial turgor 
pressure, cell wall thickness and elastic modulus. While a cell was under initial pressure the 
plates were static, and cells were under pressure from 0 to the value of initial turgor pressure 
by 10 time increments, and as a result of this step celsl developed tensile stresses in the cell 
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wall; “during t e second time sequence, t e two plate move towards eac  ot er at a speed of 
0.5μm per time increment to compass t e cell”. Total displacement was about 10 μm and t e 
cell deformed by 20 μm. 
Validation has been done by comparing the model with experimental results of previous 
studies; regarding this validation, volumetric modulus of elasticity corresponded with the 
experimental results. Maximum cell wall stress from the pressurising step was in the same 
range, which has been predicted by Pitt and David (1984) as well. Also applied pressure load 
in this study was valid, based on the previous studies.  
In a study on apple fruit, modal analysis has been carried out to simulate vibration on apple 
tissue by Lu and Abbot (1996).  
2.12.8. Internal Bruising Prediction in Watermelon Compression 
In this study the behaviour of watermelon under compression loading has been modelled. 
The study includes experimental tests to calculate material properties required for computer 
modelling in combination with FE modelling using ANSYS package. Physical properties of 
two varieties of watermelon, including Crimson Sweet and Charleston Gray, were calculated. 
These properties consisted of dimensions, rind thickness, mass, sphericity and volume of 
fruits. Empirical tests were performed in temperature of 5±1
0
C and humidity of 90±5% to 
determine the properties required for the modelling. Additionally, compression and tensile 
tests have been performed to calculate mechanical properties of watermelon. An Instron 
Universal Testing machine (H5KS, Hounsfield Co.) was used for tensile and compression 
tests. Diameter of indenter for red flesh sample was 25 mm and the height of sample was 20 
mm, however a 14 mm diameter indenter used for white rind and the height of white rind 
sample was 8 mm. The loading speed was 25.4 mm/min constant for compression test. The 
modulus of elasticity was t en calculated “by dividing t e 0.5 mm/min strain by its stress” 
(Sadrnia, et al., 2008). 
For tensile testing on green rind of watermelon, “I” s ape samples were prepared, which 
were narrow in the middle and wide in the sides. The thickness of samples was 3±1 mm with 
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the width of 10 mm at the narrow portion while the length of narrow portion was 19 mm. 
Additionally, a compression test was performed on whole watermelon at the speed of 25 
mm/min. Two specific points were extracted as one of the results of the experiment 
including: Breaking Deformation (BD) and Breaking Force (BF). The model assumed to be 
axisymmetric and both 2D model and 3D models developed to have three layers including: 
red flesh, white rind and green rind. The material properties for each layer were different. 
The models were developed in ANSYS for both two and three dimensional models.  
The outcomes of experimental tests were used to develop a FE model using ANSYS Classic 
package. The modelling part of the study consists of two sections: a longitudinal 2D model 
and a transverse 3D model. The FEA results showed that maximum stress happened near the 
surface of fruit, which was below the failure stress magnitude of the rind tissue. The results 
of the model were satisfactory in comparison with the experimental study, however study of 
plastic behaviours of materials and failure under large deformation will be required in the 
future of food processing modelling and simulation.   
2.12.9. Litchi Pitting  
In another approach, a litchi pitting process has been developed using ANSYS and LS 
DYNA softwares (C. Y. Li, Xu, & Chen, 2012). The model was a 3D solid with linear elastic 
material properties. The litchi was modelled in three layers of pulp, pericarp and stone, 
where material properties of each layer were different, with a lowest elastic modulus for 
pericarp and the highest for stone.  Boundary condition was defined for the fruit model to be 
fixed and the tool to move in one direction toward the litchi part. The pitting tool was also 
modelled as a rigid body with material properties of stainless steel. An Eroding_surface-to-
surface contact was also defined between the fruit layers. The results of stress and strain 
were obtained after running models in LS DYNA solver. The effects of time on the rate of 
damage were also investigated. The results of this modelling have shown a linear 
relationship between the values of stress and the tool displacement. It is also concluded that 
the size of tool needs to be similar to the size of stone. The increase in stress value as a result 
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of higher displacement rate caused cutting through the fruit body, however after the cut 
happened the stress value reduced. Although this study used a new approach in modelling 
food processing operation, more study needs to be done in order to investigate other involved 
parameters, which cause damage on fruit tissue. The type of contact defined for the fruit 
layers also needs to be investigated to select the best similar contact type to the real 
condition of material. Additionally, it is required to validate the developed model using the 
results of the actual pitting process in order to measure the accuracy of these models.     
2.12.10.  Sunflower Seed under Loading 
A finite element model was developed to study the biomechanical response of sunflower 
fruit by Hernandez and Belles (Hernandez & Belles, 2005). Experimental study was done to 
determine material properties of fruit, performing tensile and compression tests using a 
universal testing machine. The 3D model was in CAD software for two different tissues in 
two different thicknesses under impact loading; the hull and the kernel were not modelled. 
Impact effects were studied in three different directions of the fruit including longitudinal, 
transversal and lateral. The results were then validated with the experimental outputs.  The 
FEA results were compared with the experimental results and showed a very good agreement. 
The effects of thickness and inter-distance were studied and the thickness did not have any 
interaction with the stress value at both levels. In this study the mechanical parameters used 
were mainly the thickness and the elastic modulus for parenchyma and sclerenchyma tissues, 
which indicate elastic material behaviours, however there are some other parameters 
involved, which need to be considered in future studies.  
2.13. Knowledge Gap Identified 
As previously discussed, there are two main methods of studying the interrelation of 
variables and factors during industrial operations; experimental case studies and modelling 
methods. Models divide into two main groups, including mathematical and computational 
models. Regarding the disadvantages and limitations associated with empirical and 
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mathematical methods, computer based models are becoming an appropriate and common 
method of investigating complex operations. 
The food processing industry is one of the significant sectors of global industry, which needs 
accurate and new technological improvement in current methods as well as new innovation 
for future development. Although there are some research efforts in this field, using 
computer models is still a new method of investigation in this area. This industry consists of 
a wide range of activities such as handling, sorting, transporting, cutting, peeling, cooking, 
freezing and packaging; as a result, focusing on enhancement of each of this stages will be a 
positive improvement that can affect the total efficiency of whole industry. Mechanical 
peeling as one of the industrial segments of food processing needs to develop in terms of 
efficiency, energy usage and waste rate. 
In summary, to date there is no published work in process modelling of tissue damage during 
mechanical peeling of tough skinned fruits and vegetables. Although there are a few process 
models of mechanical damages during food processing, mainly on soft skin fruits, however 
there is no previous focus on tissue damage of tough skins in the mechanical peeling process. 
This study will be a novel and first-time effort, which will model tough skinned tissue 
damages during the mechanical peeling of pumpkin. 
2.14. Innovation and Significance of Proposed Research 
The significances of this study have been defined as: 
1. Developing a first process model of tissue damage during the mechanical peeling 
process of tough skinned vegetable, in this case, pumpkin. 
2. Applying the results of experimental study in computer modelling of industrial 
processes. 
As will be discussed further in the research problem and research design section, the 
outcomes of the proposed study will be beneficial for three main groups of audiences. 
Researchers of food processing operations, designers of food processing equipment and tools 
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and food industrial companies are the three main sectors which will be interested to read the 
results of this study. 
According to the literature review, the new approach this research contributes is the 
optimization and improvement of current methods and technologies that can provide benefits 
to the Australian food processing industry in terms of exports and investment. 
 
2.15. Summary  
This chapter presented a review of existing literature on all different aspects of agricultural 
and food material behaviours and loss during post-harvesting and processing stages. Various 
methods of studying material response to loading, including experimental, mathematical and 
computational, are detailed and presented. This review raised a number of gaps in the body 
of knowledge; the aims and objectives of presented work are intended to move towards 
filling these gaps.  
While a high rate of food loss has been reported in post-harvesting and processing stages, the 
most common method of analysing cause of these losses is the experimental approach. These 
experimental methods are limited to the type of material and process of loading.  
Constitutive and FEA methods however, have been proved by researchers of other 
engineering disciplines as a practical way to study the response of materials under industrial 
conditions.    
This research seeks to address the following aspects that have been found regarding the 
presented literature review: 
- Analyse and determine mechanical response of pumpkin peel and flesh to different 
loading types. 
- Develop a constitutive model of mechanical response of pumpkin peel and flesh tissues 
under loading. 
Develop FE models of mechanical loading and the peeling process of pumpkin. The 
proposed objectives will be applied to investigate the behaviours of pumpkin tissues as a 
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model species under mechanical loadings. The main goal in understanding this relationship 
will be developing a good knowledge on how design of agricultural and post hasrvesting 
equipment can cause deformation and loss on agricultural and food tissues. As is defined in 
the three main objectives, the study will apply experimental, constitutive modelling and 
numerical modelling methods in this study. The details of methodology and design of data 
collection and analysis have been presented in the following chapters. 
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Chapter 3 : EXPERIMENTAL TESTING SETUP 
DEVELOPMENT 
3.1. Introduction  
Understanding the relationship between mechanical behaviours of agricultural and food 
materials and their response to mechanical damage has always been one of the primary goals 
of agricultural engineering studies. Mechanical damages can occur during post harvesting 
and processing of food materials which can influence quality of productions intensively. 
Agricultural crops are exposed to different mechanical operations such as harvesting, 
handling, grading, cleaning, transporting, cutting, peeling and packaging. The mechanical 
damages occur after rupturing or failure happens on food tissue, however these damages are 
not always easy to detect.  For example the discoloration and browning in apple tissue is 
because of failure which leads to cell rupture and the content of cells is released in tissue. 
While in some other materials such as grains, cracks can be occurred during or after 
harvesting, is not that easy to identify the damaged grain from undamaged (N.N. Mohsenin, 
1977). As a consequence of damages there always has been a report of post harvesting loss 
in different agricultural crop production lines. According to the report that was published in 
2011 by FAO ("Vegetable Industry Development Program-Post harvest Management for 
Vegetables-Facts on Preventing Losses,"), level  of food loss reaches up to one third of food 
global production. The volume of loss varies, conditional to the different parameters; as an 
example the post harvesting grain loss in sub-Saharan Africa reported $4 billion a year, 
which is sufficient to feed 48 million people (Sonka, et al., 2012). These high volumes of 
loss can be prevented by applying more efficient and applicable methods and technologies to 
enhance the productivity of industrial operations. As has been mentioned before, determining 
mechanical response of different food materials under loading processes is one of the 
fundamental aspects of investigated and the root of post harvesting and processing damages 
and loss.  
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The research design in this chapter presents the methods used in this study to explore 
mechanical properties of material during the different mechanical loading processes of tough 
skinned vegetables. The experimental investigations consisted of determining both physical 
and mechanical properties of tissue.  Various types of mechanical loading were applied on 
peel and flesh samples of pumpkin to measure material properties. The outline of conducted 
empirical tests includes: Indentation, Compression, Tensile tests, density, Poisson’s ratio and 
moisture content calculation. The chapter has been divided into two main sections: 
Mechanical and Physical tests and will present the experimental methods and technologies 
that have been implemented.  
3.2. Design of Experiments (Phase One) 
3.2.1. Experimental Procedure  
Despite the fact that the experimental studies will provide a considerable amount of 
information of behaviours of materials as input values for FE modelling, the process of 
testing was chiefly designed in order to generate metrics, which will be used in the validation 
process of computational modelling. Experimental procedure applied in the empirical study 
was designed based on available standards for food materials and reported works in literature. 
The boundary conditions in the FE models also were designed and modelled based on the 
experimental set-ups. The experiments were designed to cover various types of loading that 
materials undergo during post harvesting and processing stages. The response of agricultural 
materials is dependent on behaviours of different layers of materials under process loading; 
in the case of pumpkin the layers include peel and flesh. In order to analyse mechanical 
peeling of pumpkin, t e testing regime was constructed to investigate bot  layers’ properties. 
The testing regime is summarised in Table 3-1: 
 
 
 
83 
 
Table ‎3-1: Summary of experimental regimes and types. 
 Loading Specification 
Loading 
Velocity 
Sample Type 
Uniaxial 
Indentation Uniaxial 
Compression 
Uniaxial 
Tensile 
mm/min 
Flat End 
Spherical 
End 
Unpeeled     20 
Flesh (peeled)     20 
Peel     20 
 
As is classified in Table 3-1, the experimental system was designed to assess the influence of 
loading on different parts of pumpkin tissue. The rate of loading was chosen based on the 
ASABE standard for the loading of agricultural materials (Agriculture Commodities, 
Australia, 2008-09, 2010; Emadi, Abbaspour-Fard, & KDV Yarlagadda, 2009; Emadi, et al., 
2008). This approach was selected in order to be used for the computations and material 
modelling and validation process later, which have been presented in the following chapters. 
To accomplish these objectives, loading tests with focus on failure and rupturing of tissue 
structure were performed; however, since the peel thickness was 5mm in average, the 
compression test of peel needed to be stopped before the actual yielding happened. As a 
result the force versus deformation of peel under compression did not reach the failure and 
bio-yield point. Additionally, the structural changes of pumpkin tissue after loading tests 
were investigated, using the Scanning Electron Microscopy (SEM) imaging method. The 
results of this imaging study have been presented in the following chapters.  
To determine Poisson’s ratio of peel and flesh samples as one of the required parameters in 
FE modelling, the lateral displacement of cylindrical samples were recorded and using Laser 
Measurement Sensors during compressive loading. However t e Poisson’s ratio 
measurement was applied only for flesh samples due to the low thickness of peel specimens.      
Density and moisture content of samples was also calculated using water displacement and 
drying methods respectively. The calculated density values were used in development of FE 
models however in all the modelling process in order to simplify the progress it was assumed 
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that the moisture content is constant and does not have any influence on the material 
response.  
3.2.2. Experimental Details 
As the post harvesting and processing operations are usually a complex combination of 
different loading types, it is very popular among researchers to investigate the response of 
food tissues under uniaxial indentation, uniaxial compression and uniaxial tensile loadings. 
In order to measure mechanical and physical properties of tissue which will be used to 
develop and validate computational models’ structural response, the tests were performed on 
pumpkin peel and flesh samples. Each mechanical test was performed and the results of at 
least 10 replications were selected for further analysis. Due to the nature of biomaterials and 
the various responses to the loading, the results of tests were filtered and results with 
magnitude of very high or low load in comparison with the reported curves for agricultural 
materials were eliminated from the data analysis process.  As mentioned in the material 
preparation section, samples were prepared from different parts of pumpkin and it has been 
assumed that tissue has the same homogenous structure in different parts. For the analysis 
process very high and low results were neglected, however a range of results were 
considered in the data analysis and calculations. 
3.2.3. Analytical Approach  
In analysis of mechanical response of agricultural and food particles, different expressions 
are used to determine material parameters, including: Force (N), deformation (extension) 
(mm), engineering stress (  ), engineering strain (  ), true stress (  ), true strain (  ), 
Poisson’s ratio (v), Elastic modulus (E), bio-yield (   stress, toughness (T), firmness, 
density ( ) and moisture content (MC).  
    
 
 
 (Mpa) Equation ‎3-1 
    
  
  
 Equation ‎3-2 
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Equation ‎3-10 
In Equation 3-1 to 3-10, P, A,   ,   ,      ,   ,   ,   ,    and    are load, cross 
sectional area, change in length, initial length, rupture force, deformation at the rupture point, 
mass of particle, mass of water, density of water, mass of sample before drying and mass of 
sample after drying.  
3.1.1. Selection of Material and Sample Preparation 
The experimental study in this thesis was conducted to calculate material properties of 
pumpkin as a tough skinned vegetable and the results were implemented in FE analysis of 
mechanical peeling of tough skinned vegetables. As has been mentioned before, pumpkin is 
member of the cucurbit (Cucurbitaceae) family with other species including cucumbers, 
gourds, melons, squash and zucchini (Deyo & O'Malley, 2008). Production of the Cucurbits 
family in Australia reached 150,728 tonnes in 2007, while pumpkin production was about 
114,418 tonnes. The highest production was in Queensland and NSW with 43,783 and 
40,718 tonnes respectively (Napier, 2009)(Napier, 2009)(Napier, 2009)(Napier, 
2009)(Napier, 2009)(Napier, 2009)(Napier, 2009)(Napier, 2009)(Napier, 2009)(Napier, 
2009)(Napier, 2009). Jap variety of pumpkin was used for the experimental tests, ripe and 
defect free pumpkins were purchased from a local market in Brisbane, Australia. Butternut, 
Jarrahdale and Japanese (Jap) are the main pumpkin varieties in Australia; recently the Jap 
86 
 
variety has become popular among producers because of its flavour (Burt, 2005; Napier, 
2009).   
 
Figure ‎3-1: (a) Cylindrical cutter used for sample preparation (b) the holder used for mechanical loading process. 
 A systematic study was undertaken to investigate required properties of tissue for flesh and 
skin samples of pumpkin. The laboratory humidity and temperature were 20-55% and 20-
25

C for all the tests and the pumpkins were kept at least 24 hours before the testing in 
laboratory conditions and inside a desiccators. A universal Instron testing unit was used to 
perform loading tests. For moisture content testing also an oven with fixed temperature of 
70

 C was used. For sample preparation a cylindrical cutter was designed and built (see 
Figure3-1) with a diameter of 40mm. To hold the samples for mechanical loading, a holder 
was used (Figure 3-1), and tissue glue (LOCTITE 454) was used to fix the samples in the 
holder. 
3.2. Experimental Set-Up (Phase Two) 
3.2.1. Mechanical Properties Determination Tests  
3.2.1.1.  Indentation Test Using Flat and Spherical End Indenter on Peel and 
Unpeeled Samples 
Indentation test performed on peel and unpeeled samples of Jap variety of pumpkin. The test 
was completed according to the available ASABE standard for compression test of convex 
shape food materials (Agriculture Commodities, Australia, 2008-09, 2010). Two indenters 
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with flat and spherical tips (Figure 3-2) with diameter of 10 mm and 8 mm respectively were 
designed and used for the testing. Three deformation rates were applied to compress the peel 
and unpeeled samples. Peel samples were cut from the outer green layer of tissue with 
average thickness of 5 mm and the average thickness of unpeeled samples was 50 mm. The 
unpeeled samples with thickness of 48 mm in average were taken from the pumpkin without 
separating peel and flesh samples. The tests were designed to investigate the effects of 
mechanical loading on peeled and unpeeled samples separately; the rate of loading was 20 
mm/min. As was mentioned earlier, the temperature and humidity were 20-25 

C and 20-55% 
respectively. Pumpkins were kept in laboratory conditions for 24 hours before the test.  
 
Figure ‎3-2: Flat and spherical end indenters used for mechanical loading test. 
Compressive loading was carried out using an Instron Universal testing Machine (IUTM), 
and the results of force deformation collected from the computer attached to the machine.   
3.2.1.2. Compression Test of Pumpkin Peel and Flesh 
Compression testing is one of the common methods of calculating mechanical properties of 
engineering materials. A compression test was performed on peel and flesh samples of Jap 
variety of pumpkin. The test was completed according the available ASABE standard for 
compression test of convex shape food materials (Agriculture Commodities, Australia, 2008-
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09, 2010). The samples were compressed under loading speed of 20 mm/min using two flat 
plates and using a Universal Instron testing device as shown in Figure 3-3. 
 
Figure ‎3-3: Flat plates used in compression testing of peel and flesh pumpkin samples. 
Peel samples were cut from the outer green layer of tissue with average thickness of 5 mm 
and the flesh samples were taken from the ripe orange colour of tissue under the skin, 
average thickness of flesh samples being 34.44 mm. As mentioned earlier, the temperature 
and humidity were 20-25 

C and 20-55% respectively, and pumpkins were kept in laboratory 
conditions for 24 hours before test. The force deformation curve was obtained from the 
computer attached to the Instron and used for determining mechanical properties of samples.  
3.2.1.3. Poisson Ratio Test of Pumpkin Samples 
Poisson’s ratio is one of t e required parameters in studying mec anical response of 
agricultural crops and food particles. It is defined as the ratio of lateral displacement over the 
axial displacement of samples:  
   
              
            
 
  
  
  
  
 Equation ‎3-11 
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Axial displacement was recorded during the compressive loading by Instron machine, for the 
lateral displacement however, a pair of laser measurement sensors (AR200) were used. As is 
shown in Figure 3-4, the lasers were installed on both sides of sample under loading. These 
sensors observe the reflected light from the sides of the target surface. In the case of 
pumpkin samples, the sum of sensor recorded values provided the total expansion of the 
samples in a lateral direction.   
 
 
Figure ‎3-4: the experimental set up for recording axial and lateral displacement of samples under compression 
test. 
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The lasers both pointed at the same height of samples; regarding the height of peel samples, 
t e Poisson’s ratio test was performed only for t e fles  samples, cylindrical samples of flesh 
with the diameter of 40 mm and average height of 34.44 mm. The channels of sensors were 
calibrated and used to record the lateral displacement of the samples. The results of testing 
were t en used to calculate t e Poisson’s ratio of t e samples. 
3.2.1.4. Tensile Test of Pumpkin Peel and Flesh 
The uniaxial tensile test is one of the common tests to determine mechanical properties of 
agricultural and food materials. These tests are usually carried out to capture the axial 
extension of samples to the rupturing and breakage point. In order to calculate rupturing 
properties of flesh and peel, a tensile test was performed on pumpkin samples. However, due 
to the soft nature of food and agricultural crop tissues, it is critical to choose the appropriate 
sample shape and size. A thorough summary of the literature on tensile testing of food 
particles has been presented in Chapter two. As there is no similar study on tough skinned 
vegetables, a series of pre-tests were performed to identify an appropriate peel and flesh 
sample size. Uneven stress distribution on the gripped sides of samples usually creates 
breakage on the sides of samples, which is not desirable. To prevent specimen failure at the 
gripping point, as well as placing the samples in the clamps and eliminating grip extrusion 
during loading tests (Figure 3-5), a Universal Instron testing machine was used with a 100 N 
load cell and clamps (Corporation, 2012; Instron, 2012). The samples needed to be prepared 
without any nicks and cuts and with parallel edges, in order to eliminate any possible stress 
concentrations near necks and cuts.  
The test was carried out on 3 mm thick flesh and peel samples. Flesh samples were cut from 
the ripe section of tissue under the skin. The peel samples however, were cut from the darker 
skin layer and the semi green layer underneath the skin. Ripe and defect free pumpkins were 
selected in the sample preparation process.  
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Figure ‎3-5: The clapms used for tensile test. 
Different sample sizes were tested under trial and error. In the longer and thicker samples, 
the breakage occurred near gripping points as a result of stress concentration at the gripping 
point. Moreover, pre tests were performed for dog bone (Luyten, Vliet, & Walstra, 1992), 
arc sided (Huff, 1967, 1971) and rectangular (Alamar, Vanstreels, Oey, Molto, & Nicolar, 
2008) shape samples however both rectangular and dog bone shaped samples failed at the 
gripping edges.  Arc sided samples, similar to Huff’s report (Huff, 1967, 1971) with a width 
of 5 mm and length of 20 mm in the middle, failed as expected. For the convex shape of 
pumpkin, the samples were prepared with 40 mm lengths as the best for preparing parallel 
edge specimens, which also required the width to be 
10 mm at 
two ends 
(see 
Figure 3-6). 
 
 
 
 
Figure ‎3-6: Peel and Flesh samples used for tensile test. 
The sample extrusion from the clamps was also eliminated by fastening the grips with high 
clamping pressure. This high grip pressure was enough to keep the peel samples fixed 
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however, for flesh samples the water was exuded when the grips were fastened. To avoid 
flesh sample extrusion from the grip edges, a very thin layer of tissue was placed between 
the flesh samples and grip. Several tests were performed and the majority of samples failed 
in the narrow middle length, as expected. The tensile test was repeated and 10 replications 
for each peel and flesh samples at the loading speed of 20 mm/min was selected for further 
calculation (Churchill, Sumner, & Whitney, 1980; Holt & Schoorl, 1977; N.N. Mohsenin & 
Mittal, 1977). Recorded time, load and extension obtained from the Instron machine was 
used for data analysis and computation.  
3.2.2. Physical Properties Determination Tests 
3.2.2.1. Density test 
Physical properties of agricultural and food materials are significantly important in studying 
the quality of these materials after harvesting and food processing operations. The quality of 
food products can be identified by different physical properties; volume and density are two 
of these parameters (Jahromi et al., 2008).  
There are different methods of evaluating density of irregular shaped materials; the water 
displacement method is one of the common methods for agricultural crop materials. In this 
method water is used to measure the volume of the material and usually, it is difficult to 
measure the volume of fruits and vegetables accurately due to their shape. There are different 
types of density to determine which are usually classified regarding the material condition. 
For instance, measuring the true density of crops with air inside, such as pumpkin, is not 
easy by applying water displacement methods, as the substance will float in water and there 
will be a rate of error involved with the estimation. Additionally, in this study the density of 
peel and flesh needed to be measured separately in order to develop the FEA model of 
peeling process. As a result the material density was chosen to be calculated for pumpkin 
peel and flesh samples.  
The details of applied methods and the relevant existing literature have been presented in 
Chapter two. The mass of samples of pumpkin peel and flesh were determined using an 
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electronic scale with the sensitivity of 0.01 g. In this method the density was calculated using 
the following formula, where  ,      and    are  mass of pumpkin (g), mass of water 
(g), density of water (gcm
-3
) and density of pumpkin (gcm
-3
) respectively (Jahromi, et al., 
2008): 
    
  
     
   Equation ‎3-12 
The density test was carried out for the Jap variety of pumpkin which, was purchased from 
local markets in Brisbane, Australia. The pumpkins were kept in laboratory conditions at 
least 24 hours before the testing was started. Regarding the objectives of the study, the 
density test was performed for flesh and peel samples separately. The test was completed for 
whole pumpkin (apparent density determination), and samples of peel and flesh (material 
(substance) density).  
3.2.2.2. Moisture content 
Normally softness and hardness of engineering material is analysed considering temperature 
and frequency range, however for agricultural and food materials, moisture content is an 
additional parameter to be investigated (N.N. Mohsenin, 1977). Agricultural crops contain a 
high level of moisture; rate of moisture varies during ripening as well as during and after 
harvesting. The value of water content is one of the parameters that influence quality of food 
products which has direct effects on stability and quality of food products. Particularly, it 
influences the exact evaluation of material balance and processing loses (2002). It is known 
as the nutritive value of a food by Pomeranz and Meloan (Pomeranz & Meloan, 2002). The 
amount of moisture and the change in moisture content of it can directly affect the structure 
of fruit and vegetable tissues (Barta, et al., 2006); for example the water content of some of 
vegetables has been reported by Pomeranz including: white potato 78%, sweet potato 69%, 
Radishes 93%, parsnips 79%, green lima beans 67%, cucumber over 96% (Pomeranz & 
Meloan, 2002). A thorough understanding of moisture content of agricultural crop tissues is 
required in the analysis of structural damages of food processing under mechanical loading 
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and operation.  However, in the modelling process in order to simplify the process it was 
assumed that moisture content is constant.  
Moisture content of pumpkin unpeeled, peel and flesh samples were determined using 
cylindrical samples and a cabinet laboratory type dryer. The temperature of the dyer was 
fixed to be 70

 C and samples were kept in laboratory condition for at least 24 hrs before the 
tests. The samples were cut to cylindrical shapes with diameter of 40 mm using a cylindrical 
cutter. The samples were kept in desiccators (Figure 3-7) before and after each reading of 
weight in order to reduce the error of calculation due to moisture absorption of samples. The 
readings were recorded and used to calculate moisture content in each tissue sample using 
the following formula (Doymaz, 2007; Elbatawi, Ebaid, & Hemeda): 
    
     
  
       Equation ‎3-13 
In Equation 3-13,  ,  , and   are percentage of moisture content, weight of sample 
before drying (g) and weight of dried samples (g). 
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Figure ‎3-7: Samples of unpeeled, peel and flesh during the moisture content test. 
For each sample type, 10 specimens were prepared and used for drying tests; the average 
height of peel, flesh and unpeeled samples were 5 mm, 34.5 mm and 48 mm respectively. 
Samples were kept in desiccators before and after each weight reading to avoid moisture 
absorption during the measurements.  
3.2.2.3. Scanning Microscopic Electron Imaging of Cell before and after Loading 
Quality of food products are highly affected by changes and deformations that are happening 
during industrial food processing stages. The deformations and damages on products change 
the physical properties such as texture, shape, colour and size as well as mechanical related 
properties of food materials. Customer acceptance, life shelf, resistance and transportability 
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of food products highly depend on the structure and texture of these materials (Dintwa et al., 
2011). Scanning Electron Microscopy (SEM) imaging (Figure 3-8) is one of the methods of 
capturing structural changes of tissue under different loading conditions. In this study, the 
changes happened on flesh and peel samples after different loading conditions were 
compared with normal flesh and peel samples of pumpkin using SEM system.  
 
Figure ‎3-8: SEM camera (right) and the samples after processing and before imaging (left). 
Mechanical loading, including compression and indentation, were performed to analyse the 
behaviours of pumpkin flesh and peel samples. Samples were prepared from ripe and defect 
free Jap variety pumpkins that were purchased from local shops in Brisbane Australia and 
kept in laboratory conditions. The humidity and temperature were 20-25% and 20-25 

C 
respectively. Flesh samples were cut from the ripe section of the pumpkin underneath the 
layer of peel with an average thickness of 50 mm, while peel samples were cut from the 
green layer with 5 mm thickness. All the samples were cut in cylindrical shapes with a 
diameter of 40 mm. A spherical end indenter with an 8 mm diameter and flat end indenter 
with a 10 mm diameter were used for the indentation tests. Samples were cut and kept in 
fixative liquid for at least two hours and dehydrated afterwards for Scanning Electron 
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Microscopy (SEM) imaging of fresh flesh and peel samples. According the ASABE standard 
for food materials (Agriculture Commodities, Australia, 2008-09, 2010), the tests were 
carried out at a constant deformation speed of 20 mm/min. An Instron Universal Testing 
machine was used to apply loads and the results of the load deformation were obtained from 
the computer attached to the machine. The details of tests were similar with the previous 
work on tough skinned vegetables (Emadi, 2005; M. Shirmohammadi & Yarlagadda, 2012a, 
2012b; M. Shirmohammadi, Yarlagadda, Gudimetla, & Kosse). Samples were soaked in a 
fixative solution of Glutaraldehyde 3% for at least two hours after the each test. 
For the purpose of fixing sample structures without any changes after compressive loading, 
the sample holders were filled by fixative liquid and left under compressive loading for at 
least two hours. After the fixation process, the loads were removed and samples transferred 
to containers filled with fixative. Samples were then dehydrated after the completion of the 
fixation step. The purpose of dehydrating samples was to remove all the moisture from the 
structure of the tissue in order to capture the images of cell structure under a Scanning 
Electron Microscopic (SEM) system (Figure 3-8). The dehydrated samples were cut into 
small pieces and coated with gold and kept in desiccators until the imaging started. The 
structural changes in tissues structure were captured for the compression test samples, while 
in the spherical and flat indentation samples, the main focus was on the deformed area 
punctured under the indenter tip.  
3.3. Summary  
This chapter presented the experimental methodology that has been applied in analysing 
physical and mechanical properties of pumpkin tissue.   As listed, the experimental design 
study presented in this chapter consisted of three main sections including: mechanical, 
physical tests and SEM imaging methods. The details of sample preparations and the 
experimental set ups and the methods used for each set of experiment have been presented in 
this chapter. The tests were completed and data were recorded for further computations. The 
results of experimental tests were listed in the next Chapter.  
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Chapter 4 : EXPERIMENTAL STUDY OF PHYSICAL AND 
MECHANICAL PROPERTIES OF PUMPKIN 
4.1. Introduction  
Studying mechanical damages during the processing stages of food particles requires having 
a good understanding of material behaviour under different types of loading. Experimental 
tests and investigation methods are the most common ways to study physical and mechanical 
properties of materials. In FE modelling of the mechanical peeling process, calculating 
mechanical and physical properties of tissue is a basic required step in order to develop an 
accurate material model and define acceptable boundary conditions. Figure 4-1 shows the 
details of steps completed to develop constitutive and FE models in this study.  
Figure ‎4-1: Diagram of applied methods and procedure to determine required parameters for FE modelling of 
mechanical loading and peeling processes. 
A detailed description of these steps has been presented in the following Chapters. 
According Figure 4-1, the experimental test results were used to develop a constitutive 
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model of material behaviour. The results of experiments and constructive modelling were 
then used to develop experimental based Fe model and constitutive based FE model for 
compressive and tensile loadings. 
 The other important factor in the study of mechanical behaviours of food and agricultural 
materials is the diversity of crops; as a result it has been essential to set up experimental tests 
and calculate properties precisely. Peel and flesh layers of pumpkin tissue have different 
properties and structure, so their response to the loading will vary regarding their differences. 
Additionally, current study is aimed at developing a structural model of flesh and peel that 
have different physical and mechanical properties. Despite there being some previous studies 
on rheological properties of agricultural crops, there are just a few studies which considered 
skin and flesh tissues as separate parts. Consequently, the tests were planned to measure the 
required properties for constitutive and FE model in conjunction with providing a clear 
understanding of characteristics of material under mechanical loading. This section required 
physical and mechanical properties of pumpkin tissue as a tough skinned vegetable to be 
calculated. Each test was performed for peel and flesh samples with at least 10 replications, 
in tensile testing only the results of where samples ruptured in the middle length were 
recorded and used for further calculations. For the results of experimental tests, average and 
standard deviation (SD) values were also determined and reported. While the results of 
experiments will be reported in this chapter, this section features a comparison between the 
empirical results of this study and the available data in literature. An exploratory analysis of 
the application of these outcomes in developing numerical and constitutive models of 
mechanical loading can be found in the following chapters, where validated computational 
and mathematical models of mechanical loading of pumpkin samples will be presented.   
4.2. Data Analysis and Preparation 
As was described in Chapter two, analysing material waste during and after harvesting 
requires a broad knowledge of mechanical and physical behaviours of agricultural crops 
under different types of loading. As the UN Food and Agricultural Organization (FAO) 
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stated, one third of overall food production is wasted every year which is about 1.3 billion 
ton annually (Sonka, et al., 2012). Experimental and theoretical investigations have been 
done previously; however, there is a gap in exploring properties of tough skinned vegetables 
in literature. Both mathematical and numerical modelling were in the scope of this study; as 
a result, the required properties were mechanical and physical properties for flesh and skin 
tissues. The experimental studies were developed and performed in order to create and 
validate both types of models. 
Indentation (sphere and flat end indenters), compression and tensile tests were performed on 
flesh, peel and unpeeled samples in constant loading speed to determine mechanical response 
of material. Additionally, water displacement method, drying method to determine moisture 
content and Poisson’s ratio tests were carried out to calculate density, moisture content and 
Poisson’s ratio values of samples respectively. T e following sub  eadings list t e results of 
experimental work that have been done, including: 
- Force versus Deformation Results (including indentation, compression and tensile test 
results) 
- Stress Versus Strain Results (Bio-Yield point, Elastic Modulus, Rupture Point) 
- Poisson’s Ratio Test Results (fles  and unpeeled samples) 
- Moisture Content Results (peel and flesh samples) 
- Density Evaluation Test Results (apparent and material density) 
4.3. Force versus Deformation Relation (Firmness/Toughness) 
Mechanical loading tests including indentation, compression and tensile were performed on 
the Jap variety of pumpkin. In this section the outputs of these tests will be presented and 
compared.  An Instron (UTM) testing machine was used to perform loading tests and the 
recorded data for time, deformation and load were obtained afterward. The indentation tests 
were performed using two different indenters including flat and spherical end indenter for 
pumpkin samples. The force-deformation curve and the maximum values of force were 
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obtained and compared with the existing data in literature. The results of these tests were 
recorded and the force versus deformation curves for each samples and loading speed with 
details of maximum load and standard deviations have been presented in Figure 4-2.  
 
Figure ‎4-2: Force versus deformation-indentation test results using flat end indenter. 
The results of indentation tests with both types of indenters indicated a comparable trend in 
force versus deformation curves. However, the magnitude of peak load in the flat end 
indenter is slightly higher than the values for the spherical end indenter. Yielding happened 
after a larger deformation on unpeeled samples than the peel samples (over 7 mm for 
unpeeled and just before 4 mm in peel samples), while the maximum load for peel samples is 
higher than the peak load in unpeeled samples. 
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Figure ‎4-3: Force versus deformation-indentation test results using spherical end indenter. 
 
The force versus deformation graph for peel samples showed a less linear elastic section 
before yielding, than the flesh and unpeeled samples. This can be related to the convex shape 
and the thickness of peel layer in comparison with the unpeeled samples (Figure 4-2 and 4-3). 
In the case of spherical end indentation, the yielding phenomenon happened in smaller 
deformations (around 3 mm) while the yielding on unpeeled samples happened at the highest 
deformation (10 mm). The deformation at the yielding point was even larger in compression 
results for flesh samples (12 mm) however the value for peel assumed to be the maximum 
value of deformation (just over 3 mm) ( see Figure 4-4). Higher values of deformation at bio-
yielding points shows the higher resistance of peel layer to the loading, which can be an 
important factor in food production lines such as fresh cut fruits and vegetables. The tensile 
deformation at yielding however was occurred in a low deformation of 2.75 mm for peel and 
just over 3 mm for flesh (Figure 4-5). Overall, the peel samples tend to reach yielding point 
quicker and at the lower deformation value while the peak load values were highest in all the 
three loading types. 
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Figure ‎4-4: Force versus deformation-Compression Test. 
Firmness is one of the important textural parameters in quality control of food materials; it is 
defined as  the required force to achieve a specified deformation (Bourne 1967 & Schomer et 
al. 1962 in (Finney, 1969)). The extension occurs under standard load (Kattan 1957, Parker 
et al.1966, Whittenberger et al. 1950 & Whittenberger 1951 in (Finney, 1969)), as well as 
the slope of force deformation curve from zero to the point of rupture and or failure (Ang et 
al.1960, Burkner et al.1967 in (Finney, 1969) and (Finney, 1969; M. Grotte, Duprat, Loonis, 
& Pietri, 2001)).  
Table ‎4-1: Firmness values for peel and flesh samples under different loading types. 
 
 
 
Regarding these definitions, increasing the ratio of force deformation means an improvement 
in tissue firmness. In the other words, if for a particular crop in a given range of loading the 
deformation rate is low, the tissue has high firmness. The firmness of pumpkin samples is 
calculated as the ratio of force over deformation   
  
  
, where   ,     and F are rupture 
Firmness 
(N/mm) 
Indentation 
Compression Tensile 
Flat End Spherical End 
Flesh - 21.42 92.56 
2.21 
 
Peel 120.26 107.7 
530.54 
 
7.59 
 
Unpeeled 48.09 26.6 - - 
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force (N), deformation (m) in rupture point and firmness (N.mm
-1
). Firmness of skin, flesh 
and unpeeled pumpkin of indentation test at 20 mm/min was calculated as 107.7, 21.42 and 
26.6 N/mm. The firmness values for compression and tensile tests were also calculated and 
presented in Table 4-1. 
The firmness values showed that a high value of load is required to deform pumpkin peel 
layer, while the flesh under tensile loading had the lowest firmness value. Peel layer had the 
second highest firmness value under indentation loading with flat end indenter, and under 
spherical end indentation, peel had the third highest firmness value. This indicates the 
influence of indenter tip and shape on the rate of tissue damage with higher deformation 
under flat end indentation in comparison with the spherical end indentation test. For further 
analysis of the mechanical response of pumpkin tissue to different types of loading, 
toughness of tissue was calculated. 
 
Figure ‎4-5: Force versus deformation-Tensile Test. 
 Toughness is the work that causes rupture in bio materials (Finney, 1969; Mohsenin, 1986; 
Ranganna, 1986); it is defined as the area under force deformation curve up to rupture point, 
where     (mm) and    (N) are deformation and force at the rupture point: 
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     Equation ‎4-1 
Toughness has direct effects on the values of load required for cutting or breaking materials; 
for instance the higher the toughness of tissue, the higher the required cutting load needs to 
be. As mentioned before, there are different parameters affecting the toughness values such 
as moisture content and ripening age. As reported in literature, increase in moisture content 
leads to decrease in the toughness values (Kingsly, Singh, Manikantan, & Jain, 2006).  
Toughness of flesh and unpeeled sample under spherical end indenters were 829.4 and 
1411.1 N.mm respectively, which are higher than the results for cantaloupe melon and 
watermelon (Emadi, Abbaspour-Fard, & Yarlagadda, 2009). The highest toughness was 
observed for flesh samples under compression test. The toughness values for tensile loading 
were low in comparison with other values (Figure 4-5).  
 
Table ‎4-2: Toughness values for pumpkin samples under loading. 
 
 
 
4.4. Stress- Strain Relation  
Maximum stress and strain values and the modulus of elasticity were defined after collecting 
force versus deformation details from testing machine. Stress defines as the ratio of load over 
cross sectional area of samples   
 
 
  (Mpa), and strain value is presented as the ratio of 
changes in length over initial length    
  
 
 (Finney, 1969; Krokida, Karathanos, & Maroulis, 
2000; Mohsenin, 1986; Vursavu & Ozguven, 2004). Under small deformations, the slope of 
stress strain curve also is defined as elastic modulus. The stress and strain values for 
indentation, compression and tensile tests were computed as presented in the following 
figures.  
Toughness 
(N.mm) 
Indentation 
Compression Tensile 
Flat End Spherical End 
Flesh - 829.4 
8693 
 
14.56 
 
Peel 
893.98 
 
857.29 
 
3908 
 
31.29 
 
Unpeeled 
1628.34 
 
1411.1 - - 
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(a) 
 
(b) 
Figure ‎4-6: Stress versus strain values for indentation tests (a) results of Flat and (b) results of Spherical end 
indentation. 
 
For the indentation test, the  peel maximum values of stress were higher than the values for 
flesh and unpeeled samples and the peak stress values happened in a larger deformation 
value (Figure 4-6). Bio-yield point was happened in both cases after a semi linear section, 
while the shape of curve for flesh and unpeeled samples was similar to the curve reported by 
Emadi et al. (Emadi, Kosse, & Yarlagadda, 2005) but the maximum values of force causing 
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rupture in tissue had relatively higher values for all the samples. The stress versus strain 
curve for peel samples had a very similar trend to one of the typical curves for stress and 
strain reported by Mohsening and Mital (N.N. Mohsenin & Mittal, 1977) (see Figure 2-4) 
where the rupturing happens right after yielding without any further flow (Figure 4-7).  
 
(a) 
 
(b) 
Figure ‎4-7: Stress versus strain curves for different loading types (a0 compression and (b) tensile tests. 
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As it is shown in Figure (Figure 4-8), the values of stress were higher for the peel samples in 
comparison with those for flesh values in all different types of loadings.  
 
Figure ‎4-8: Maximum values of stress for indentations, compression and tensile tests. 
 
As is mentioned before, the compression and tensile tests were performed on peel and flesh 
samples while the spherical and flat end indentation were tested for unpeeled and peel 
samples. For all the tests the attempt was to load the samples to the bio-yield point and 
rupture according to the definitions defined by Mohsenin (Mohsenin, 1986). However, the 
compression test on peel samples was ended before yielding, due to the low thickness of the 
samples and limitations of the equipment. For all other samples the breakage and rupture was 
observed in the tissue structure after tests (Figure 4-9 for unpeeled and peel samples under 
indentation test).  
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(a) 
 
(b) 
Figure ‎4-9: Peel and unpeeled samples after indentation tests (a) unpeeled and (b) peel samples. 
 
As is obvious from the stress versus strain curves, there was a clear difference between the 
resilience of samples to different types of loadings. In indentation tests for instance, the 
tissues were broken under the flat end indenter whereas the spherical end indenter created a 
crushed layer of tissue. Also the indentation test results showed a regional damage on the 
tissue, parts of the tissue closer to the indenter tip were totally deformed and the outer parts 
stayed unaffected (Figure 4-9 (a) and (b)). Flat end indenter created higher rate of damage on 
tissue in comparison with the spherical end indenter. In compression tests the damaged area 
covered whole sample surfaces and created a crushed layer on both peel and flesh samples. 
However, the damages on peel samples were lower than the flesh samples and both stress 
values for peel and flesh under compression were the highest values among other types of 
loading results (see Figure 4-8). To investigate the damage and effects of different loading 
types on tissues, a further analysis on structural changes of tissue under loading was 
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undertaken using the Scanning Electron Microscopy (SEM) method, which will be presented 
in the following sections.  
Under tensile loading, in all cases the curves followed a comparable pattern to what has been 
reported by other researchers for agricultural crops (Calzada & Peleg, 1978; Lu & Puri, 1992; 
Mohsenin, 1986) but the magnitude obtained for force values were different in each case (see 
Figure 4-11). Results of tensile tests for both peel and flesh were ended after breakage 
happened on the tissues; both peel and flesh curves had a semi-linear first section which 
continued to a peak value at the point of rupture. This curve’s  pattern was similar to the 
tensile test results for other tough skinned vegetables, muskmelon and watermelon tissues(F. 
R. Harker, Stec, Hallett, & Bennett, 1997) however, there was a variation between force 
values for different types of tough skinned vegetables. The rupture force was approximately 
8 N for flesh samples and 21 N for peel samples. Rupture in fresh samples occurred at 3.63 
mm elongation where rupture for peel samples occurred more quickly at 2.84 mm extension. 
Stress-strain value was also calculated using formula, so the ultimate strengths of peel and 
flesh samples were 1.45 and 0.535 Mpa respectively.  
   
 
 
     
  
 
 Equation ‎4-2 
   
  
  
 Equation ‎4-3 
   
 
 
     
  
  
 Equation ‎4-4 
Where in Equation 4-2 to 4-4,  ,     ,         F,   , A, E,   ,           are stress (Mpa), 
strain, the change in length (mm), initial length (mm), load (N), rupture force (N), cross 
sectional area (mm
2
), Elastic modulus (Mpa), failure modulus (Mpa), stress at the rupture 
point (Mpa), and strain at the rupture point respectively (Huff, 1967, 1971; Mohsenin, 1986; 
Steffe, 1996) (Bargel & Neinhuis, 2005). The ratio of tensile stress over strain in the elastic 
zone was also calculated as the elastic modulus of samples. In this case, the elastic modulus 
of peel (25.2 Mpa) was much higher than the value of flesh (6.82 Mpa). Failure modulus was 
calculated as the ratio of stress over strain at failure point (Huff, 1967, 1971), with the value 
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for flesh and peel being 5.90 Mpa and 20.40 Mpa respectively.  Both flesh and peel samples 
failed after a clear breaking noise and the failed section revealed an uneven line. The 
required energy for failure calculated as the area under the load extension curve (Schoorl & 
Holt, 1983) was 30.88 N.mm and 14.51 N.mm for peel and flesh samples.  
Tensile testing of pumpkin flesh and peel samples was performed on peel and flesh samples 
using an Instron universal testing machine. The results demonstrated a linear relation 
between load and extension up to the rupture point for both peels and flesh samples. 
However, unlike the apple and watermelon samples which had a sharp peak (F. Harker & 
Hallett, 1992; Schoorl & Holt, 1983), rupturing of pumpkin flesh and peel samples occurred 
gradually; the same trend of rupturing happened on muskmelon and carrot samples reported 
by Harker et al. (F. R. Harker, et al., 1997). Unfortunately there was no previous study on 
tensile properties of tough-skinned vegetables such as pumpkin varieties, therefore the 
results were compared with available data in literature for other vegetable tissues.  
The natural convex shape of pumpkin could be the reason for this phenomenon, also 
observed in the Huff study of tensile properties of potato peel (Huff, 1967, 1971). The 
rupture load reached 21 N for the pumpkin peel sample which was higher than the rupture 
value for tomato (Rajabipour, Zariefard, Dodd, & Norris, 2004) and potato skin (Huff, 1967, 
1971) but lower than that for apple (Schoorl & Holt, 1983) and orange peel samples with 
22.5 N (Churchill, et al., 1980). This generally indicates the resistance level of pumpkin peel 
tissue to external sources of loading, such as tensile. The maximum load was 8 N for 
pumpkin flesh samples, lower than the pumpkin peel rupture force, however higher than the 
value reported for pear tissues (De Belie, Hallett, Harker, & De Baerdemaeker, 2000). The 
flesh samples failed after a larger deformation of 3.63 mm however the peel samples 
ruptured after 2.84 mm and displayed a tougher behaviour. This behaviour indicates a more 
brittle characteristic of peel in comparison with flesh samples. Under tensile loading, potato 
peel (Huff, 1967, 1971) failed at 0.12 in (3.05 mm), while tomato peel samples (Rajabipour, 
et al., 2004) failed at 6 mm elongation, applying the loop method. However, investigating 
flesh and peel samples response to tensile loading is a new approach and there was no 
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reported study on pumpkin in the literature to compare results of this study in terms of their 
responses to loading. 
The gripped cross section area was determined as the thickness multiplied by the average 
sample width in the middle length at the narrowest part (Mohsenin, 1986) and used to 
evaluate stress values. For strain calculation, the extension values were divided by the initial 
length of samples (Vanstreels et al., 2005). The results of stress versus strain curve have 
been shown in Figure 4-7. 
The ultimate tensile stresses in flesh and peel were 0.535 and 1.45 Mpa, respectively.  
Maximum stress values for Braeburn and Jonagored apple varieties have been reported as 
0.22 Mpa and 0.24 Mpa (Alamar, et al., 2008) and carrot tissue, 91 days after drilling, had 
minimum stress value of 0.501 Mpa (McGarry, 1995).  
Hook’s law was applied to measure t e elastic modulus of tissues, which was 25.2 Mpa for 
peel samples and 6.81 Mpa for flesh samples. These values were relatively higher than the 
value reported for apple tissue (3.91Mpa (Alamar, et al., 2008)) however close to the value 
reported for raw carrot 20 Mpa (2000-4000 ×10
5
 dyne cm
-2
) (Texture Measurements of Food, 
1973).  Additionally, the ratio of stress over strain at the failure point (Huff, 1967, 1971) for 
potato was 5.90 Mpa for flesh samples and 20.40 Mpa for peel samples.  
The samples failed with a clear breaking noise midway along the length and the broken cross 
section was uneven for both flesh and peel (Figure 4-10 (a) Flesh and (b) peel samples). 
Similarly, this phenomenon was reported previously by Huff’s (Huff, 1967, 1971) for dog-
bone shaped samples of potato peel, where samples did not detach completely. Pumpkin 
flesh tissues separated into two pieces just after rupturing. However for the peel sample, 
cracks developed around mid-length and samples failed along the cracks thereafter. In tensile 
testing of apple tissue (Schoorl & Holt, 1983) the sample pattern of crack development was 
reported after a sharp failure noise. The tests were performed in one deformation rate, but it 
has been reported that the deformation rate affects the formation of cracks, and with slower 
rates, more cracks will be created (Huff, 1967, 1971).  
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(a) 
 
(b) 
Figure ‎4-10:  Breakage section of samples (a) Flesh, and (b) Peel. 
 
The energy dissipated in tensile loading was calculated as approximately 30.88 N.mm and 
14.51 N.mm for peel and flesh samples, using the definition stated by Schoorl and Emadi et 
al. (B. Emadi, et al., 2009; Schoorl & Holt, 1983). Clearly, failure in peel samples requires a 
higher value of energy, so it takes longer to get to the energy level. Moreover, lower rates of 
loading take longer to get to the rupture point cracks that are developing in the tissue. The 
values of failure energy required for the flesh and peel tissues of pumpkin under tensile 
testing are significantly lower than the values under compression loading (B. Emadi, et al., 
2009; M. Shirmohammadi & Yarlagadda, 2012a). Therefore, regardless of samples’ size and 
shape, the susceptibility of pumpkin tissue to compression loading is relatively higher than 
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tensile loading. This indicates that operations involved with tensile loading can create higher 
rates of damage on pumpkin tissue than processes with compressive loading involved. 
4.4.1. Bio-Yield, Rupture and Failure Points 
The bio yield point for food material is defined as the point on the force deformation curve in 
which the deformation increases with no change or decrease in the value of force (Mohsenin, 
1986; M. Shirmohammadi, et al.). Mohsenin and Mittal (N.N. Mohsenin & Mittal, 1977) 
defined two types of curve for yielding and rupturing of agricultural materials (Figure 4-11), 
where rupturing happens after yielding with a considerable flow after yielding or just after 
yielding without flow.  
Moreover, Steffe stated that changes in the bio yield point link to the microstructural changes 
in the structure of tissue (Steffe, 1996). However, failure in food particles happens regarding 
the macrostructural changes in the material (Steffe, 1996). In the case of bio yielding, all 
three samples went up to microstructural changes and the values of yielding force, stress and 
strain were obtained. But, as mentioned before, the compressive test for peel samples was 
not completed to the failure point, due to the low thickness of samples and limitations of 
testing machines.  
 
Figure ‎4-11: Typical force deformation curve for food materials and rupture point with and without Bio-Yield (N. 
N.  Mohsenin & Mittal, 1978). 
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The bio-yield point in agricultural and food materials is an important factor which can 
illustrate the sensitivity of the material to damage (Sitkei, 1987). In the other words, in order 
to prevent plastic deformation and damage on agricultural tissue it is required to keep the 
external loads during processing and post harvesting operations below the load value at bio-
yield point. In FE and mathematical modelling, to develop a model for elastic and plastic 
deformations defining the bio-yield point is essential. As a result, for all the samples, the bio-
yield point was determined, as the values of stress and stress at and after yielding point were 
used in developing failure criteria in constitutive and FE modelling process. Rupturing is 
another phenomenon that happens after bio-yield and in this stage, the value of stress will 
decrease rapidly while the strain value increases (Sitkei, 1987). The attempt of experimental 
study was to capture both incidents for all the samples under loadings, however regarding 
limitations, such as the size and softness of material, in some of the cases it was not possible 
to record them. The tensile test results show both bio-yielding and rupturing conditions 
clearly (Figure 4-6), as the samples were ruptured after breakage happened. For indentation 
tests also it was possible to get the bio-yield and rupture points for unpeeled and flesh 
samples (Figure 4-2 and 4-3). However, the peel samples had a gradual trend toward 
rupturing, which has a slow decrease in stress values while the strain values increased. In 
compression test results however, the rupturing did not happened in peel samples as the size 
of the samples were small and the test needed to be stopped before the two jaws of the 
Instron testing machine touched each other. The details of these tests and values have been 
presented in the following subsections.  
4.4.2. Elastic Modulus, Strain Rate and Failure Strain 
In the case of convex food materials, elastic modulus is a function of minimum and 
maximum radii of curvature (R and R
’
) (Standards, 2008). Regarding Mohesnin, also the 
elastic modulus of plant materials equals the ratio of stress per strain (Mohsenin, 1986). The 
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calculations of mechanical properties in this study followed the formula from Mohsenin 
(1986)(Mohsenin, 1986) due to the limitations of experimental tests.   
Strain rates were calculated using the following formula for each sample separately:  
  ̇  
  
  
 Equation ‎4-5 
where in Equation 4-5,    and    are change in strain and change in time (Husband, 2007).  
As Steffe (Steffe, 1996) stated, macrostructural changes and finally failure happens at a point 
after yield point, which can be just after yielding in brittle materials or after a considerable 
flow for tough materials (Mohsenin, 1986). For peel and flesh samples of pumpkin, elastic 
modulus was considered the slope of stress strain curve under small deformation. The results 
of elastic modulus were used to develop and validate the FE models.  
4.5. Poisson's Ratio 
In analysing mechanical behaviours of materials under different types of loading, the 
tendency of particles to expand or shrink in a perpendicular direction of loading is defined as 
Poisson’s ratio. Regarding t e difficulties associated wit  performing relevant 
experimentations to determine Poisson’s ratio for different types and varieties of agricultural 
crops, there have been only a few studies which considered flesh and unpeeled samples of 
agricultural crops. Additionally, a considerable factor in determining t e Poisson’s ratio 
value for agricultural crops is the changes in this parameter value during the ripening and 
storage period (M Grotte, Duprat, Pietri, & Loonis, 2002).  T e value of Poisson’s ratio 
varies with changes in moisture content (Sitkei, 1987); it also increases when the load 
increases. In the current study, for all the modelling and experimental stages it was assumed 
that moisture content was constant and all the samples were kept in plastic packs before the 
test to reduce the loss of moisture.  
To determine Poisson’s ratio of fles  and unpeeled samples of pumpkin, uniaxial 
compression tests were performed on cylindrical samples Figure 4-12.  
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Figure ‎4-12: Compression test on cylindrical samples of pumpkin flesh using laser measurement sensors to record 
lateral displacement. 
For the test, two laser measurement sensors (AR200) were used in both sides of samples to 
record the lateral displacement of samples. Accordingly, because of the low thickness of peel 
samples and the limitations of equipment, the compression test on peel was not considered. 
The lateral and axial displacements were recorded and used to determine Poisson’s ratio 
value. Poisson’s ratio of biological materials  as been reported between 0.2 to 0.5 (Mohsenin, 
1986; Steffe, 1996); the high value indicates the incompressibility in food materials. The 
average values for unpeeled and flesh samples were 0.33 and 0.43 respectively. The value 
for unpeeled sample was lower than the value for flesh sample, which can be due to the 
overall values of moisture content, as the pure flesh layer tends to have higher moisture 
content in comparison with the peel and flesh layer in unpeeled samples. The other 
possibility can be related to the structure of tissue as the flesh has bigger cells while the peel 
layer of unpeeled samples has small and dense cellular structure in combination with the 
fles  layer. T e Poisson’s ratio values estimated in t is study were comparable with the 
values reported for McIntosh apple (0.34), potato (0.49) (Mohsenin, 1986) and apricot (0.40) 
(Erdoǧan, Güner, Dursun, & Gezer, 2003), but higher than African nutmeg (0.30) (Burubai, 
Amula, Davies, Etekpe, & Daworiye, 2008). The tissues with high levels of moisture content 
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 ave been reported wit   ig  value of Poisson’s ratio suc  as potato fles  (0.49) w ic  is 
considered an incompressible material. The tissues with high rate of cellular gas such as 
some varieties of apple however, have lower Poisson ratio values (Steffe, 1996), for instance 
Red Delicious and Winesap varieties of apple wit  Poisson’s ratio of 0.21 and 0.29 
respectively (Mohsenin, 1986).  
4.6. Drying Test (Moisture Content Test) 
Moisture content is one of the characteristics of biological and agricultural materials (Sitkei, 
1987). Moisture content of agricultural crops changes during the ripening stage as well as 
after harvesting when the products are in handling, storage and processing stages. This 
property of food materials can affect their mechanical response to the loading during and 
after harvesting. Investigating material response of food products during processing 
operations requires estimation of moisture content; in this study moisture contents of peel, 
flesh and unpeeled samples of Jap variety of pumpkin were determined as a physical 
property of pumpkin tissue. However, in the assumption has been made for the modelling 
process moisture content assumed to stay constant. The tests were performed using an oven 
for cylindrical samples of flesh, unpeeled and peel, and samples were dried up to 90% of 
their initial weight to the point that changes in weight was almost constant. 
The moisture content of flesh, unpeeled and peel samples were 87%, 84% and 82% 
respectively. As was expected the flesh tissue had higher moisture value than the two other; 
this was also investigated in the SEM study of structural shape of tissue. The SEM study 
illustrated bigger cell sizes in flesh tissue than the peel layer, which indicates a higher rate of 
water in the layer. The details of SEM study and analysis in combination with the results and 
discussion has been presented in the relevant section. According to literature, moisture 
content of agricultural product varies and it is lower for grains and seed too, as it is reported 
12 to 45% moisture content for freshly harvested corn grain (F. Owens, Soderlund, Hi-Bred, 
& Business) and 3-5% for ripe raw nuts (Pomeranz & Meloan, 2002). While the values of 
water content vary it is reported 86-89% for citrus fruits, 92-94% for melon (Pomeranz & 
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Meloan, 2002). The value obtained for pumpkin flesh tissue (87%, SD of 0.68) was lower 
than the values reported for pumpkin flesh slices reported previously (92.4%) (Akpinar, 
Midilli, & Bicer, 2003; Doymaz, 2007); which could be regarding the difference in variety, 
condition of the crop, the type of equipments were used for tests as well as the size and shape 
of samples used in the previous study. The other important aspect is the purpose of 
investigating the moisture content of tissue, which leads researchers to perform moisture 
content study of food particles to different percentages of moisture; the current study for 
instance determined the value of water content of different pumpkin tissue up to 90% 
moisture loss based on initial weight of samples. The magnitude of peel moisture content 
was also determined as 82.5% with standard deviation of 0.87. As stated by Akpinar et al. 
(Akpinar, et al., 2003), there are always some uncertainties associated with experimental set 
ups, procedure and preparation. However, there is need for further study to capture the 
effects of moisture content on mechanical and physical properties of pumpkin tissue, the 
importance and significance of this, with details, will be listed in the chapter on future work.  
4.7. Water Displacement Test 
Density is one of the parameters which can affect the quality of food products (Sahin & 
Sumnu, 2006); due to the complex shape of agricultural and food products there are different 
types of density that can be investigated. Regarding the shape, and structure of agricultural 
crops which usually have some certain rates of liquid, gas and air inside, it is required to 
consider the more suitable method of density determination for each product and purpose. 
The water displacement method (Mohsenin, 1986; Sahin & Sumnu, 2006; Sitkei, 1987) was 
applied to determine apparent and material density of whole pumpkin and flesh and peel 
samples. The results of measurement for whole pumpkin, flesh and peel samples were 982, 
934 and 903 kg.m
-3
. Regarding the higher rate of apparent density of whole pumpkin, 
compared with the material density of peel and flesh, it is the pores section with air inside 
the pumpkin that keeps the object suspended in the water. In order to avoid the possible error 
involved in calculating whole pumpkin density, material density was considered and 
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calculated. Additionally, the water absorption which has been neglected in this 
experimentation might have influenced the density value of the crop as the moisture content 
of tissue has a direct effect on the value of density (Rodr´ıguez-Ram´ırez, M´endez-Lagunas, 
L´opez-Ortiz, & Torres, 2012). The density for the values were close to the values reported 
for potato (943 kg.cm
-3
), apple (900 kg.cm
-3
), onion (991 kg.cm
-3
), pear (991 kg.cm
-3
) and 
garlic (983 kg.cm
-3
)(Rodr´ıguez-Ram´ırez, et al., 2012). The apparent pumpkin density 
values however were higher than the bulk density of zucchini (841 kg.m
-3
) and yam (930 
kg.m
-3
) (Rahman, 2010).  
The density of peel and flesh tissue was required for FE modelling of the mechanical peeling 
process of pumpkin as one of the input properties of tissues. It was also used to develop FE 
models of tensile and compression tests of pumpkin tissues for peel and flesh separately.  
4.8. Study of Structural Changes of Pumpkin Tissue Using SEM 
The cellular structure of pumpkin flesh and peel samples were studied before and after 
mechanical loading tests including indentation (flat and spherical end indenters), and 
compression. After each loading, samples were processed and dehydrated and used to image 
the changes of structure using Scanning Electron Microscopy. Normal peel and flesh tissues 
without any treatments also were processed and used to capture the normal structure of tissue 
before any loading. The SEM images and results of mechanical loading force deformation 
curves have been presented in this section and a thorough comparison has been made 
between results.  
4.8.1. Fresh Peel and Flesh Samples 
To capture the normal structure of peel and flesh, specimens were cut from fresh peel and 
flesh layers were processed and used for SEM imaging. Samples were fixed in fixative 
solutions and dehydrated afterwards and cut into small pieces. The imaging was completed 
using the SEM imaging method. Figure 4-13 shows images of fresh pumpkin flesh and peel 
under the SEM system, which showed a cellular arrangement comparable with images of 
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raw pumpkin mesocarp tissue as presented by de Escalada et al. (de Escalada Pla, Campos, 
Gerschenson, & Rojas, 2009).  
 
(a) Fresh Pumpkin Flesh (magnification in top image was 391 and in bottom image was 433X) 
 
(b) Fresh Pumpkin Peel (magnification in both images were 836X) 
Figure ‎4-13: SEM images of pumpkin flesh and peel samples. 
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As shown in Figure 4-13(a) the tissue has a clear cell structure which has bigger cell sizes 
than the size of cells in the peel samples (Figure 4-13 (b)), while the peel cells are condensed. 
The compact layer in the peel section guards the tissue against external loading and damage, 
which has been stated in a study of apple tissue structure (N.N. Mohsenin, 1977). In apple 
however, the size and arrangement of cells is observed to be different with the change in 
depth. The higher the depth, the bigger the cells were seen; this can be applicable to the 
pumpkin flesh tissue as well, which could be considered as a future study. According Mayor 
et al. (Mayor, Cunha, & Sereno, 2007), different parameters influence mechanical properties 
of fruit and vegetable materials; density, composition of materials, turgor pressure of cells, 
and adhesion are some of them. Cell wall rupture and cell-cell debonding are two main 
defined reasons of failure in plant materials (Mayor, et al., 2007). The higher rate of moisture 
content in flesh tissues can be one of the reasons of size difference. As is stated in literature, 
the size of cell changes with the level of moisture content; a comparison between well 
watered and stressed plant tissue has showed that (Cutler, Rains, & Loomis, 1977). Although 
the cell shape in pumpkin peel and flesh tissues are different (further discussion has been 
reported in the next section) however moisture content can be one of the related reasons for 
size difference between them. 
4.8.2. Compression Test 
To capture the effects of compressive loading on flesh and peel samples, a compression test 
was performed at the loading speed of 20 mm/min on peel and flesh samples of pumpkin 
tissue using a flat platen to compress the samples. From the force deformation curve (Figure 
4-14), both flesh and peel samples behave elastically under small deformation, however, they 
tend to behave inelastically under larger deformation which reached a force peak value for 
both. The test for flesh samples was continued after peak value, while due to the low 
thickness of peel, this test was stopped before the peak point.  
124 
 
 
(a) 
 
(b) 
Figure ‎4-14: Compression test of (a) Flesh and (b) Peel samples. 
 
This maximum compressive load was 300 N for the flesh sample while for peel samples it 
reached more than 1000 N before yielding actually occurred. Under laboratory conditions, 
compressed peel and flesh samples were kept in the fixative liquid to fix the structural 
changes; the fixed samples were dehydrated and cut into layers to capture the structural 
changes. Imaging of compressed tissues then was done under the SEM system (Figure 4-15). 
The higher rate of load required for peel to get to bio yield point indicates the higher 
resistance of peel under compression in comparison with the flesh tissue. 
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(a) Peel (with magnification of 836X) 
 
(b) Flesh (with Magnification of 439X) 
Figure ‎4-15: Flesh and peel sample under compression test, (a) peel and (b) flesh. 
There are breaking points in peel tissue in comparison with the fresh peel tissue image, 
however, it is difficult to capture the changes in cellular structure because of the rough 
surface of wax on the outer part of peel. In the case of flesh, it is clearly shown that the 
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cellular structure of normal flesh has been damaged, which has been reported by Gonzalez et 
al. for a study of bruising on apple tissue (Mitsuhashi‐Gonzalez, Pitts, Fellman, Curry, & 
Clary). The damaged flesh cell size after compressive loading decreased clearly and the 
overall structure changed to a complex chain of longer and compressed cells. The direction 
of loading and the effects of it on damaged cellular structure also can be a factor in analysing 
the cell shapes after loading which can be considered as a future study.    
4.8.3. Flat End Indenter 
Indentation test was performed on peel and flesh samples to capture the damages that occur 
to tissue. The force versus time curves obtained from experiments for indentation test has 
been shown in Figure 4-16. A flat end indenter was used to perform the indentation test; the 
samples were fixed using a fixative solution before removing the load. After this, the 
samples were dehydrated and cut into small pieces in laboratory conditions. As is shown in 
Figure 4-17, the flat end indenter created a hole on the surface; the aim of imaging was to 
capture the deformation of cells around the hole that remained on the tissue surface. The 
force deformation result presented in Figure 14-16, shows that the maximum load for the 
flesh sample was approximately 130 N and for peel was 400 N; the overall pattern of the 
curve was similar to what has been reported in literature for food materials (N.N. Mohsenin 
& Mittal, 1977). 
 
(a) 
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(b) 
Figure ‎4-16: Result of force versus time obtained from flat indentation test on (a) peel and (b) flesh samples. 
 
(a) Flesh (Magnification of the images were 391X, 391X and 37X) 
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(b) Peel (Magnification of 836) 
Figure ‎4-17: Flesh and peel samples after indentation test using flat end indenter. 
 
From the images of flesh samples there was a clear change in cell shape and size as well as 
cell breakage that happened around the tip of the indenter (Figure 4-17 (a) and (b)). The rest 
of tissue however, stayed intact and just the areas close to the indenter surface were damaged.  
Breakage in peel structure was also observed, although it was difficult to capture the cell 
arrangement on peel. However, the peel surface deformed to broken pieces in comparison 
with the fresh peel tissue. As it is shown in Figure 4-17 (a) around the edge of the flat 
indenter there was a clear breakage on the flesh tissue. The uncertainty of peel structural 
damage might be due to the existing wax-shaped surface on the outer surface of the tissue.   
4.8.4. Spherical Indentation Test  
The indentation test was repeated using a spherical end indenter at 20 mm/min. The results 
of force-versus-time curves were presented in Figure 4-18. Due to the thickness of the peel 
sample, it was not possible to reach the yielding point; the force versus time curve followed 
the typical pattern for food materials (N.N. Mohsenin & Mittal, 1977). The peak load value 
for flesh samples was 60 N while the highest recorded value for peel was 120 N (Figure 4-
18).  In comparison with the flat end indenter test, the maximum value of load before 
yielding happens in tissues, was higher for the flat end indenter than the spherical and both 
indentation tests had lower load value in comparison with the compression test results. From 
the SEM images, the structure of the peel changes to a compact layer of deformed cells, and 
the flesh cells are also deformed to a more compressed shape compared with the images 
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from the fresh peel and flesh samples. On the other hand, samples under the spherical end 
indenter did not break to pieces and just smashed to a damaged layer in contrast with the 
results from the flat end indenter. This could be because the edge shape of the indenter in the 
flat indenter tears the cells apart. In the case of the spherical indenter, the cells deformed and 
compressed all around the hole created by the indenter (see Figure 4-18(a)).  
 
(a) 
 
(b) 
Figure ‎4-18: Force versus time curve resulted from spherical indentation tests for (a) flesh and (b) peel samples. 
 
As was mentioned before, mechanical loading tests are a common method of analysing 
agricultural crop responses under processing operations. The tissue structure deforms as it 
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undergoes different loading processes, these changes are recognizable in microscale, using 
SEM imaging technology. 
 
(a) Flesh (Magnification in these images were 403X, 403X and 197X) 
 
(b) Peel (with magnification of 847X) 
Figure ‎4-19: Flesh and peel sample after indentation test using a spherical end indenter. 
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The structural deformations of flesh and peel cells of pumpkin were determined, performing 
compression and indentation tests and compared with the structure of fresh peel and flesh 
samples. The force deformation details indicated high values of yielding force for peel and 
flesh samples under compression testing, while the values for spherical indentation were the 
lowest. This demonstrates the high resistance of peel and flesh samples to compressive 
loading and the susceptibility of samples to deform under spherical indentation.  
Mechanically loaded samples were dehydrated and used under the SEM camera to capture 
cellular changes of tissue after loading. The results of indentation and compression tests 
were then compared with the images taken from fresh peel and flesh samples. The damages 
on tissues were different in each test, as the compression results illustrated a compressed 
layer of cells, while in the flat end indentation test, the cells were ruptured around the edges 
of the hole. In spherical end indentation however, the tissue was totally compressed around 
the hole under the indenter and the rest of the tissue was untouched. Comparison between the 
results of three tests revealed the severity of deformation on samples’ cellular structure under 
flat end indentation testing. 
4.9. Discussion and conclusion 
4.9.1.  Sampling Consistency 
Samples were all prepared from the Jap variety of pumpkin, which is one of the main three 
varieties of pumpkin grown in Australia (Napier, 2009; G. Owens, 2003). Samples for 
indentation and compression tests were prepared in cylindrical shapes and from different 
sections of the pumpkin. Similar to the previous experimental works (Alamar, et al., 2008), 
there was not any difference between replications of each loading test and it was assumed 
that moisture content is constant and the material is homogenous regardless of location of 
cutting it. The average thickness of the flesh and unpeeled samples were considered the same 
size as the pumpkin flesh tissue, and only the internal layer with the seeds was trimmed, to 
get a flat and non-slippery surface for tests. However, further studies in the future need to be 
performed to consider the sampling from different sections of crop due to the possible tissue 
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difference in each side of the crop. For the tensile test also samples’ size and shape were 
determined after a thorough literature review (see previous chapter). The arc-sided shaped 
samples were selected and used in loading. The samples were prepared considering the tissue 
to be homogenous. Peel samples were prepared with average thickness of 3 mm, which was 
the green section of the peel, however more investigation can be done on the peel layer with 
a lower or  ig er t ickness. Poisson’s ratio was also determined for fles  and unpeeled 
samples performing the compression test. However, it was not possible to determine this 
value for peel regarding the difficulties associated with recording the lateral displacement. 
Moreover, furt er study can investigate t e Poisson’s ratio value of peel layer using an 
extensometer under tensile loading. These recommendations have been listed in detail in the 
chapter on future work. Each test was performed and repeated for at least 10 replications, 
while for the tensile test according the breakage near the holding jaws, there were more 
replications required and among recorded data, 10 of the output curves were used for further 
calculation of tensile properties.  
4.9.2. Mechanical Parameters  
Force versus deformation curves for compression, indentation and tensile testing were 
obtained and the peak value of force was determined as Breaking Force (BF) and Breaking 
Deformation (BD) (Sadrnia, et al., 2008). The compressive load values had the highest 
values among loading types, which were higher than the results reported for whole 
watermelon samples under compression (Sadrnia, et al., 2008). Overall, the force values for 
peel samples were higher than the flesh values, however, this difference was much higher in 
compression testing than in other tests, which can be due to the bigger area that needs to be 
ruptured in comparison with the indentation test. In other words, under compression testing it 
was required to rupture more numbers of cells in comparison with the indentation, pumpkin 
flesh and peel samples can undergo a higher magnitude of external loading (Figure 4-20). 
Moreover the values of peak loads in both compression and indentation loading were higher 
than the values for tensile, which indicates the lower strength of pumpkin tissue in tension 
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than compression while the magnitude of force applied was a parameter to consider. 
Additionally, the flesh samples undergo a higher deformation in their point of peak force and 
again the deformation in compression was higher than the other loading styles. In a similar 
approach, bruising on apple tissue was studied by Lewis (Lewis, Yoxall, Marshall, & Canty, 
2008). This study indicated an expansion in the damages area with increase in load, however 
the actual bruised area was around 25% smaller than the surface area of apple.  
 
(a) 
 
(b) 
Figure ‎4-20: Maximum force (a) and deformation (b) for unpeeled, peel and flesh samples. 
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The force values under indentation were higher than the values reported for cantaloupe 
melon peel (100 N), honeydew melon peel (183 N) and watermelon peel (175 N) (B. Emadi, 
et al., 2009). To investigate mechanical parameters of pumpkin peel and flesh samples, 
experimental loading tests were performed. The computed properties have been presented in 
Table 4-3.  
 
(a) 
 
(b) 
Figure ‎4-21: Firmness (a) and toughness (b) value for pumpkin samples under loading. 
 
Toughness and firmness values for the experimental results were determined (Figure 4-21). 
Required force to achieve the deformation at the peak values was defined as firmness, which 
was higher in compression than other loading types, while the value of firmness for tensile 
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testing was the lowest. This indicates that it is easier to rupture the pumpkin tissue under 
tensile loading than by compression and indentation. Firmness values of peel were relatively 
higher than the values of flesh.  
The unpeeled samples were tested under spherical indentation and compression. The 
firmness of unpeeled samples under compression was slightly higher than the flesh values. 
The required work, which can create a defined level of deformation on tissue, is known as 
toughness. As is shown in Figure 4-21(b), the toughness values to achieve the peak load for 
flesh samples under compression were higher than the other samples.  
Table ‎4-3: Mechanical Properties of pumpkin flesh and peel under different types of loading. 
Loading Type Location 
Failure Stress 
(Mpa) 
Failure Strain 
(Mpa) 
Mean SD Mean SD 
Flat End Indentation 
Peel 9.807 1.634 0.518 0.117 
Unpeeled 8.489 0.646 0.313 0.035 
Spherical End 
Indentation 
Peel 6.438 0.988 1.138 0.242 
Flesh 4.23 0.39 0.193 0.014 
Unpeeled 6.18 0.6132 0.243 0.032 
Compression 
Peel 1.637 0.0563 0.726 0.198 
Flesh 1.169 0.735 0.370 0.057 
Unpeeled 1.117 0.225 0.366 0.058 
Tensile 
Peel 1.666 0.390 0.324 0.058 
Flesh 2.91 1.74 0.475 0.151 
 
The unpeeled samples under compression had the second highest toughness value, while the 
values for peel, flesh and unpeeled samples under spherical end indentation were very close. 
This can show that the spherical small surface area could create similar rate of damage on 
peel, flesh and unpeeled tissues. Regarding the definition of toughness, rupturing due to the 
tensile loading required the lowest level of force than the other loading types.  
The values of stress for both types of indentation were higher in comparison with the 
compression and tensile results, which are related to the small surface area of contact. 
Maximum stress failure was found for peel samples under flat end indentation test. The 
results of failure stress values were similar to the values for watermelon peel (Sadrnia, et al., 
2008). The failure stress values for pumpkin peel and flesh were also higher than the values 
reported for apple, mango, and kiwifruit under indentation loading (Mayor, et al., 2007). The 
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maximum tensile stress of peel and flesh were 1.67 Mpa and 2.91 Mpa, which was higher 
than the values reported from orange peel (K. K. Singh & B. S. Reddy, 2006). 
Poisson’s ratio of fles  and unpeeled samples under t e compressive loading was computed. 
T e fles  samples  ad Poisson’s ratio of 0.434 w ile t e value for unpeeled samples was 
0.33. The value for flesh sample was close to t e reported Poisson’s ratio for potato samples 
(0.49) (Mohsenin, 1986). As is stated in literature, t e Poisson’s ratio value c anges wit  t e 
change in moisture content of tissue (Burubai, et al., 2008; Gładyszewska & Ciupak, 2009), 
w ile t e  ig er moisture content s ows a  ig er value of Poisson’s ratio. T e moisture 
content value of unpeeled samples is relatively higher than the flesh tissues; as a result the 
 ig er Poisson’s ratio value is acceptable. For the peel samples however, it was not possible 
to record the lateral displacement under compressive loading, however it has been 
recommended to perform tensile testing or use a composite tissue made of peel layers to 
determine the Poisson’s ratio values, in future work.  
Moisture content and the apparent and material density values were also determined for flesh 
and peel samples. These values were used to develop the Finite Element Model of 
mechanical peeling process, which has been detailed in the following chapters. A 
constitutive model was also fitted to the determined experimental values for both peel and 
flesh values, which has been presented in the next chapter.  
4.9.3. Structural Changes   
The structure of pumpkin flesh and peel samples were studied before and after mechanical 
loading tests. These tests consisted of indentation using two different types of indenter and 
compression test. Flat and spherical indenter was used to perform indentation tests and a flat 
platen used in the compression test. The results of sampling and imaging for tensile testing 
however did not show a clear image or pattern change and further studies in tensile case 
were recommended. Processed and dehydrated samples after loading were compared in 
terms of structural change using SEM system.  
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Under laboratory conditions, compressed peel and flesh samples were kept in the fixative 
liquid to fix the structural changes; the fixed samples were dehydrated and cut into top layers 
and bottom layers.  
As a result of compressive loading, the peel tissue structure has been destroyed to a very 
compact layer of cells. In the case of flesh, it is clearly observed that the cellular structure of 
normal flesh was totally deformed to a smaller and deformed layer of cells. The flesh and 
peel load deformation curves show the higher resistance of peel tissue to compressive 
loading than the flesh tissue.  
In imaging the samples deformed under flat end indenter, the aim was to capture the 
deformation of cells around the hole that remained on the tissue surface. The cause of tearing 
the tissue under flat end indentation was the sharp edge of indenter while the results of 
spherical indenter were creating a crushed layer of cells around the indenter tip. The force 
versus deformation results illustrated maximum load for the flesh sample was approximately 
130 N and for peel was 400 N. 
The flesh structure was totally damaged and although it was not possible to see any cellular 
arrangement, the breakage of the cell was clear around the circular sign that resulted from 
the indenter edge. In the case of the peel, the image showed a compact layer of cell. 
From the SEM images, the structure of the peel changes to a compact layer of deformed cells, 
and the flesh cells were also destroyed to a more compressed shape compared with the 
images from the fresh peel and flesh samples. On the other hand, samples under spherical 
end indenter did not break into pieces and just smashed to a damaged layer in contrast with 
the results from the flat end indenter. This could be because the edge shape of the indenter in 
the flat indenter tears the cells apart while compressed cells were observed close to the tip of 
spherical end indenter. 
4.10.  Summary 
In this chapter the outputs of mechanical and physical experimentation results on peel, flesh 
and unpeeled samples of pumpkin have been presented. The main emphasis in computing 
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properties of samples was to obtain required parameters for development and validation of 
constitutive and FE models of the mechanical peeling process.  
Mechanical properties of pumpkin samples were determined performing indentation, 
compression and tensile tests. In the indentation test, two different indenter tips were used 
and results were reported and compared. Bio-yield, rupture, and failure concepts were 
determined for samples and used in modelling process. For Poisson’s ratio determination, 
compression tests were performed on peel, unpeeled and flesh samples at the deformation 
speed of 20 mm/min and axial and lateral deformation values were recorded and used to 
compute Poisson’s ratio.  
 
  
139 
 
Chapter 5 : CONSTITUTIVE MODELLING OF MECHANICAL 
LOADING OF PUMPKIN  
5.1. Introduction 
Quality of food product varies with changes in physical and mechanical properties of food 
tissues. Parameters such as colour, shape, texture, hardness, tenderness and firmness can be 
changed after ripening due to the harvesting, post harvesting and processing operations on 
food tissues. Analysing the cause of these changes and their influence on food materials 
provides essential knowledge of food tissue damage and material loss during industrial 
processes. There have been previous studies on mechanical and physical properties of food 
materials, applying experimental, mathematical and computational approaches. However 
their main focus has been on small deformation, which is described as linear elastic and 
viscoelastic behaviours (Lu & Chen, 1998; Lu & Puri, 1992). Due to the soft nature of food 
material, large deformation and plastic changes need to be addressed and studied as a 
common phenomenon for these materials. Although the rate of deformation directly changes 
regarding both type of process and properties of food materials, the response of tissues are 
complex. Constitutive models usually apply mathematical equations and theories to illustrate 
the behaviours of materials under different loading process. The aim in applying constitutive 
laws in studying the behaviours of food materials is to develop equations which display 
compatible results in comparison with the experimental response of materials. There are 
different mechanical loading types that agricultural tissues undergo during and after 
harvesting operations. Tensile, compression, vibration, impact and cutting are some of these 
processes. Although the post harvesting and processing stages are usually a combination of 
these loading types, in analysing material behaviours it is difficult to consider all different 
loading operations at once. In analysing response of agricultural materials under loading, 
usually assumptions need to be made to simplify the real world processes to study.  
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Constitutive theories and equations have been used to describe the response of food and 
agricultural material under mechanical loading processes. Food and agricultural materials 
generally behave plastically even with a low value of applied load, due to the soft nature of 
tissue. There are exponential and polynomial equations that are used to describe the 
behaviour of bio material under loading conditions (Fung, 1993; Gao, et al., 1993; Lu & 
Chen, 1998; Lu & Puri, 1991, 1992; Tang, et al., 1997). As Lu (Lu & Chen, 1998) reported, 
the polynomial equations are used to model plant material behaviours while the exponential 
functions are used to describe response of living biological materials. One of the common 
theories, which has been used for plant material, is the Mooney-Rivlin equation; this theory 
considers the material behaviour as a viscoelastic response under small deformation rates. 
Additionally, the results of stress relaxation tests have been used to develop and validate the 
Mooney-Rivlin relationship. Further, use of finite elasticity theory and the concept of pseudo 
elasticity have been introduced to develop a new constitutive relationship for biological 
materials under large deformation (Lu & Chen, 1998). It is essential to consider the plastic 
deformation happening on agricultural crop tissue regarding the actual behaviours of these 
materials under loading. In this study a constitutive equation that has been used previously 
for food materials under large deformation was selected and used for further data analysis to 
estimate coefficients of equations for pumpkin peel and flesh tissues. A series of 
experimental tests was performed including uniaxial tensile and compression tests on peel 
and flesh samples (as presented in Chapters 3 and 4). The results of loading tests were used 
to fit a curve and determine the two coefficients of equation as described earlier. The core 
goal of this study was to determine a mathematical relationship between the deformation 
ratio and stress value for uniaxial loading of peels and flesh samples. To simplify the process 
of constitutive modelling, the following assumptions were considered and applied; behaviour 
of material is nonlinear, isotropic and homogenous under uniaxial loading.  
This chapter will present the results of developing a nonlinear constitutive model for the 
stress versus strain relationship of pumpkin flesh and peel tissue as a tough skinned 
vegetable. The core goal of this study was to determine a mathematical equation which 
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demonstrates a reasonable similar response to the uniaxial stress versus strain results 
obtained from experimental studies. A comprehensive literature review was completed and a 
constitutive equation was chosen from literature. Afterward, experimental results were 
utilized to fit a curve and determine the coefficients of the selected constitutive model. In the 
following chapters also the constitutive modelling results were applied as input data in the 
FE model and the results were reported and compared with experimental as input results. 
5.2. Nonlinear Constitutive Equations 
Agricultural crops undergo different types and rates of loading during and after harvesting 
and processing stages. There are prior studies with a focus on properties of tissues under 
small and large deformation processes. The majority of these studies considered the 
behaviours of food material as linear elastic or viscoelastic under small deformation 
conditions (Lu & Chen, 1998). The response of agricultural and biomaterials under large 
deformation conditions however, is described as nonlinear and inelastic (Gao, et al., 1993; 
Lu & Chen, 1998; Lu & Puri, 1991, 1992; Qiong, Pitt, & Bartsch, 1989). The other 
important characteristic of food material is their time-dependent behaviours under loading 
conditions, in fact both current and past loading conditions play an important role in the 
behaviours of these materials under loading. Additionally, due to the complex and unique 
behaviours of these materials under loadings, it is not possible to describe stress versus strain 
relationships of all these materials with only one equation. In other words, it is required to 
analyse the response of each group or class of these materials to the loading (Lu & Chen, 
1998). Additionally, in investigating response of food material under loading, there are 
specific concepts and assumptions that need to be considered. The following paragraphs will 
list the considered assumption for constitutive modelling in this study. 
Regarding the high rate of moisture content in food materials, they are considered as 
incompressible materials (Coburn & Pandit, 2007; Daubert & Foegeding, 2010; Gao, et al., 
1993; Hamann, Zhang, Daubert, Foegeding, & Diehl, 2006; Miller, et al., 2007). Previous 
studies on apple and potato tissues under external source of load indicated an incompressible 
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behaviour (Mitsuhashi‐Gonzalez, et al.; Scanlon & Long, 1995). The Jap variety of pumpkin 
flesh and peel has a high rate of moisture content (87% and 83% respectively) similar to the 
fore-mentioned crops (potato and apple). As a result, in constitutive modelling of pumpkin 
peel and flesh samples, it was assumed they are incompressible under uniaxial tensile and 
compression.  This assumption has been made to simplify the mathematical study of these 
materials under loading. Also, the three dimensional equations were simplified as the 
compression and tensile experimentations were performed in axial direction of samples. 
The next assumption was based on the pseudo elasticity concept in analysing the response of 
food materials under loading. Basically, pseudo-elasticity is applied to describe behaviours 
of materials where it is not possible to analyse their behaviours with elasticity theory. Elastic 
materials in loading and unloading processes present a unique stress versus strain 
relationship, while in the case of pseudo-elastic materials there are different loading and 
unloading paths (Fung, 1990; Lu & Chen, 1998). In the other words, the elastic materials 
return back to their original state after loads are removed and no plastic changes happens on 
the materials. Agricultural materials however, do not return to the original position after the 
unloading process, which is due to the cracks and discontinuities occurring on the tissue 
(Sitkei, 1987). Although the volume of food damages on tissue varies with different 
parameters such as maturity and moisture content, there always will be an amount of 
hysteresis on tissue. Previously, researchers used the pseudo-elasticity concept for biological 
and food materials (Lu & Chen, 1998; Peña & Doblaré, 2009; Sun & Sacks, 2005), however 
this is a new attempt to apply this theory on pumpkin peel and flesh tissues.  
The other assumption was the isotropic response of tissue under loading, which was made to 
simplify the constitutive modelling process.  
Different constitutive laws have been applied to study and describe mechanical response of 
biological and food materials under mechanical loading. The Mooney-Rivlin equation was 
one of them that was applied to describe properties of food materials under loading, however, 
as Lu and Chen (1998) mentioned, this equation is not suitable for the tensile behaviours of 
biological materials. In addition, determination of two parameters of this equation is difficult 
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as these parameters have inconsistent values (Fung, 1993; Lu & Puri, 1992). Additionally, 
the current study focuses on the large deformation of tissue under compression, tensile and 
peeling process. The other applied approach in analysing behaviours of materials is to use 
finite elasticity theory as Lu and Chen (1998) stated. Finite elasticity theory has been applied 
in constitutive modelling of biomaterials previously (Lu & Chen, 1998; Veronda & 
Westmann, 1970) where the assumption is based on strain energy function for elastic 
materials under large deformation. Finite elasticity theory is usually applied to the soft 
materials when they undergo large deformation due to the external loading. In this theory the 
final position of any particle “X” in a domain suc  as “ ” is determined as:  
             Equation ‎5-1 
Although the material is considered as elastic due to the large deformation of it under 
external loading, nonlinear phenomena are considered to be happened on the material body. 
In this theory the physical state of material is determined regarding the present deformation 
of material and not the history of it (Drozdov, 1996). 
Considering finite elasticity theory and the stress-strain relation of elastic materials (Fung, 
1993; Lu & Puri, 1992): 
     
   
   
   
   
  
    
       Equation ‎5-2 
 
where in Equation 5-2,    ,    ,    , p, W,   ,    are Cauchy stress, the Kronecker delta (=1 
for     and zero when    ), the Lagrangian strain, hydrostatic pressure, strain energy 
function, spatial coordinates in Cartesian coordinate system with respect to the current 
configuration, spatial coordinates in Cartesian coordinate system with respect to the initial 
configuration, and       and S are indexes (values of 1,2,3 for x, y, or z) (Lu & Puri, 1992).  
The strain energy function for isotropic elastic materials with a three strain invariants, I1, I2 
and I3 for the right Cauchy-Green deformation tensor C (Spencer, 2004): 
               Equation ‎5-3 
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 Equation ‎5-6 
In Equations 5-3 to 5-6,              are three strain invariants and              are three 
principal compression or stretches; the compression or stretch ratio is defined as the ratio of 
the deformed length over the original length of the line in three dimensional deformations. 
Since in this study the uniaxial loadings are investigated, the compression/extension ratio is 
described as the length after loading over the initial length of sample in the axial direction of 
samples: 
   
 
  
   
  
  
 Equation ‎5-7 
In Equation 5-7, the plus is used for extension ratio and minus for the compression ratio.  
Exponential and polynomial equations have been used to describe material properties of 
biological materials mathematically (Fung, 1993). As is mentioned before, there are two 
types of function applied for constitutive modelling of food materials, including polynomial 
and exponential functions. In this study exponential function has been used; the strain energy 
function is similar to what Lu and Chen (1998) have used previously for three food products. 
The other possible option was using the polynomial function which has been utilized for 
other food and biological materials (Gao, et al., 1993; Lu & Puri, 1991; Tang, et al., 1997). 
Due to the complexity of determining strain energy constants in polynomial type of 
constitutive equations, in this study however, the emphasis was placed on tensile and 
compressive properties of tissue and the failure phenomenon under large deformation, which 
happens in mechanical loading such as peeling process. For this reason the following strain 
energy function was used: 
   
 
 
 
 
      
 
    
 
Equation ‎5-8 
In Equation 5-8  and  are the material parameters and they have been determined using 
results of uniaxial loading experiments.  The trace of square matrix is: 
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             Equation ‎5-9 
Substituting this function in the Cauchy stress formula: 
            
   
   
   
   
    
      Equation ‎5-10 
Considering the stress definition as load divided by the cross sectional area: 
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Equation ‎5-11 
 
In Equation 5-11, P,    and    are total applied force (N), cross sectional area and ratio of 
deformed height over initial height of sample,  (dimensionless) and  (same unit as axial 
stress (   )) are the material parameters.  
It is usually difficult to determine a mathematical equation which illustrates the nonlinear 
behaviours of biological material under loadings. In the previous equation,     is function of 
the material parameters ( and ) and the compression or extension ratio. In this analysis, 
compression and extension ratios were determined from experimental test results, while the 
other material parameters were obtained by fitting a curve to the experimental results. This 
has given the estimated values for material parameters which will be discussed in the 
following sections. 
Uniaxial compression and tensile testing was performed on cylindrical and bone-shaped 
samples of peel and flesh, and the deformation ratio was calculated. In the constitutive 
equation obtained, an overall pattern for two coefficients ( and ) was determined using the 
experimental results. The stress (   ) versus compression ratio (L/L0) was sketched using 
an experimental compression ratio where  z=1-L/L0.  
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(a) 
 
(b) 
Figure ‎5-1: Stress versus deformation ratio graphs for flesh samples compressive loading test obtained from 
constitutive modelling. 
In (a) the value for  is constant (= 10) and  values changes, and in (b) the value for  is constant (=1) and  
values varies. 
From the outputs of compression testing on flesh samples (Figure 5-1) under smaller 
deformation (compression ratio  0.05) the stress changes linearly with the increase in 
compression ratio.  
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(a) 
 
(b) 
Figure ‎5-2: Stress versus deformation ratio graphs for flesh samples tensile loading test obtained from 
constitutive modelling. 
In (a) the value for  is constant (= 10) and  values changes, and in (b) the value for  is constant (=1) and  
values varies. 
In the first part of Figure 5-1 (a), for the constant value of , the values of  did not have 
significant effects on the slope of the curve in smaller deformation ratios while for the higher 
values of compression ratio it is clearly influencing the curve slope. For negative values of , 
the curve shape changes to convex, similar to the previous study by Lu (Lu & Chen, 1998).  
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Change in  values affects the slope of the curve clearly and the negative values epitomized 
the curve in the negative section of the stress axis. 
For the tensile results the same approach was used to determine stress versus deformation 
ratio curve (Figure 5-2). A similar pattern was observed for fixed  value and changes in 
values of , where there was a linear relationship between stress and deformation ratio for 
small deformation range. However with an increase in deformation ratio the slope of the 
curve changes completely with a change in the values of . After determining the overall 
pattern of the equation and the effects of two parameter on the stress versus deformation 
ratio curve, a series of analyses was applied for both tensile and compression results of peel 
and flesh samples to estimate values of  and  using MATLAB ("MATLAB R2012b," 
1994-2013). The estimated values will be presented in the following section. 
5.3. Experimental Tests and Curve Fitting Process 
As was mentioned in previous chapters, uniaxial compression and tensile tests were 
conducted on samples of the Jap variety of pumpkin. The details of tests and results have 
been presented thoroughly in the previous chapter; the results of stress versus strain curves 
were used to determine parameters of constitutive equations. Figure 5-3 presents the force 
versus time curves for tensile and compression tests of pumpkin peel and flesh samples.  In 
all the cases there was an increasing trend in force deformation curve up to the peak value, 
which is defined as bio-yield point, and after that rupturing happened in the tissues which 
was similar to what other researchers have stated previously (Lu & Chen, 1998; Mohsenin, 
1986; M. Shirmohammadi & Yarlagadda, 2012b; Maryam Shirmohammadi, Yarlagadda, & 
Gudimetla, 2012; M. Shirmohammadi, et al.; M. Shirmohammadi, Yarlagadda, Kosse, & 
Gu). As was mentioned before, agricultural materials undergo large deformations in 
processing stages which lead to the permanent changes on tissue even before the rupturing 
phenomenon happens; this is due to the soft nature and structure of these tissues (Lu & Chen, 
1998).  
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(a) 
 
(b) 
 
(c) 
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(d) 
Figure ‎5-3: Typical force versus deformation curve for peel and flesh samples under compression  
(a & b) and tensile (c & d) testing under loading speed of 20 mm/min. 
 
 In the next step of this study, the stress versus strain curves were obtained and two 
coefficients ( and ) of the selected constitutive equation were determined by fitting a 
curve to the experimental results. According to the determined equation for axial stress, two 
parameters  and  needed to be estimated for each sample and loading type results: 
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Equation ‎5-12 
Matlab ("MATLAB R2012b," 1994-2013) software was used to fit the experimental results 
to    (exponential function) equation and values for  and  were obtained for both tensile 
and compression results. The process of data analysis with Matlab included, fitting an 
exponential curve to the experimental data and estimation the values of coefficients, as well 
as determining the residual values for each set of data and calculate Root Mean Square Error 
(RMSE) for each curve fitting process.  
        
 
 
        
 
       
 
Equation ‎5-13 
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In Equation 5-13, F(x) and G(x) are functions of deformation ratio and  (dimensionless) 
and  (same unit as stress) are the material parameters. A non-linear least square method was 
used to estimate the best values for  and . In this method, sum of squares are computed 
and the minimum of them will be presented as the optimal value for the coefficients 
("MATLAB R2012b," 1994-2013): 
 ‖    ‖ 
 
 
          
       
         
   
    Equation ‎5-14 
Where x is a vector or matrix and f(x) is a function which returns the values a vector or 
matrix value. 
The residual value illustrates the difference between the observed value from experiment and 
the predicted value in curve fitting process ("MATLAB R2012b," 1994-2013): 
        ̂  Equation ‎5-15 
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 Equation ‎5-16 
In Equation 5-16 and 5-15,   ,    ,  ̂  and n are residual value, observed valued from 
experiment, predicted value in curve fitting, and the number of data respectively.  
Figure 5-4 shows the fitted curve for the compression test results on peel samples (top) and 
the residual value for the predicted value (bottom). The determined values for  and  were 
4.74 and -1.71 respectively and the RMSE calculated for the fitted curve was 0.061 Mpa. 
The outcomes of data analysis for flesh samples under compression testing have been 
presented in Figure 5-4. 
As has been mentioned previously in the experimental results chapter, due to the low 
thickness of peel samples (averagely 5 mm) the compression tests for peel samples were 
stopped before yielding and rupture point. There was a good agreement between the fitted 
values and the experimental values although there was a small gap between the two curves in 
deformation under 0.2, however the RMSE value was 0.061 Mpa which shows a good 
agreement between fitted and observed results.  
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Figure ‎5-4: Curve fitting results for peel under compression. 
(top) Experimental and constitutive modelling curve fitting for peel samples under compression loading (data 1 is 
experimental results and data 2 results of constitutive equation),(bottom) residual value versus deformation ratio 
w ere “data 1” is experimental results an “data 2” is result of curve fitting. 
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In the case of flesh samples however (Figure 5-5) the tests were stopped after yielding and 
the experimental values were obtained after rupturing the tissue. However, due to the 
complexity of curve, fitting was done in two steps including, for whole length of 
compression rate (up to 0.30) and also for compression rate under 0.30 similar value in peel 
samples. 
 The selected constitutive equation was chosen regarding the pattern of the curve as the first 
section is semi-linear and after reaching the peak of the curve there was a descending trend, 
which makes it difficult to fit an exponential equation for it.  
As is shown in Figure 5-5(a), residual value for whole stress-deformation ratio curve was 
double the value for the part of curve with residual values of R=0.1 and R<0.05, which was 
expected. Consequently, the RMSE values for whole flesh curve were 0.077 Mpa while the 
value for the partial curve was 0.039 Mpa, which indicates the fitted curve for a part of curve 
was a better estimation. 
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(a) 
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 (b) 
Figure ‎5-5: Experimental and constitutive modelling curve fitting for flesh samples under compression loading  
w ere “data 1” is experimental results an “data 2” is result of curve fitting (a)whole curve, (b) part of curve. 
 
Comparing the curve fitting values of flesh and peel samples, RMSE was lower in the curve 
fitted for the partial stress versus compression ratio curve for flesh samples. The stress-
deformation ratio curve in peel samples showed a convex curve for a lower rate of 
deformation while the curve for flesh results was more linear shaped. This could be related 
to the thickness and curved form of peel samples. The values calculated for ,  and RMSE 
of each test have been listed in Table 5-1.  
The results of curve fitting process for tensile test on peel samples have been shown in 
Figure 5-6, the curve fitting was completed for whole stress-deformation ratio curve as well 
as part of the curve. 
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Table ‎5-1: Constitutive equation’s coefficients for peel and fles  samples under tensile and 
compression loadings.
* 
  Sample Type   (Mpa) RMSE (Mpa) 
Tensile 
Peel -25.66 -18.48 0.042 
Flesh -5.29 5.27 0.008 
Compression 
Peel 4.74 -1.71 0.061 
Flesh 0.7618 -1.86 0.039 
* 
The parameter  is dimensionless and the parameter  and RMSE (root mean squared error) have same 
unit as stress (Mpa). The RMSE value is the average value for the data sets.  
 
 
(a) 
157 
 
 
(b) 
Figure ‎5-6: Experimental and constitutive modelling curve fitting for peel samples under tensile loading  
w ere “data 1” is experimental results an “data 2” is result of curve fitting (a) whole stress-deformation curve and 
(b) part of the curve. 
158 
 
The residual value for whole stress-deformation curve (Figure 5-6(a)) was higher than the 
residual values for part of curve (Figure 5-6(b)). Additionally the root mean squared error 
value for partial fitted curve in the tensile test of peel samples is 0.042. Although the residual 
values for fitted curve of whole peel results shows a large difference between fitted and 
experimental values, the fitted curve (Figure 5-6(a)) illustrated a similar pattern to the actual 
experimental curve, which can be one of the few constitutive results for plant materials 
which include both curve zones before and after yielding point. However, in the case that 
high accuracy of the constitutive model is essential, the curve fitted for a part of stress versus 
deformation ratio curve (Figure 5-6(b)) is more desirable which limits the deformation ratio 
to the values under 0.07. Comparing the compression test results for peel samples and the 
tensile test results, the first section of the curve before yielding happens had more linear 
shape in tensile than the convex shape in compression results. As mentioned earlier it can be 
related to the curved shape of the peel and its low thickness.  
The results of curve fitting for flesh under tensile testing have been shown in Figure ‎5-7, the 
fitted curve for both whole and part of stress-deformation ratio.  
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(a) 
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(b) 
Figure ‎5-7: Experimental and constitutive modelling curve fitting for flesh samples under tensile loading where 
“data 1” is experimental results an “data 2” is result of curve fitting. 
 
The maximum residual value for the whole curve was over 0.04 Mpa (see Figure 5-(a)) 
while the value for a part of curve (Figure 6(b)) was 0.015. The fitted curve for the whole 
stress-strain curve had higher agreement with the experimental results in comparison with 
the results for peel samples, however after reaching the peak point of the curve, it did not 
follow the experimental pattern in flesh samples (Figure 5(a) and Figure 6(a)). Both second 
fitted curves (Figure 5(b) and Figure 6 (b)) had a good agreement with the experimental 
curve however the residual value was much lower for the flesh samples results than the peel 
samples.   
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5.4. Discussion 
In this study, a constitutive model of tensile and compressive response of pumpkin peel and 
flesh tissue was developed. The selected constitutive model was an exponential function of 
stress regarding the deformation ratio happening during the loading process. 
The force-time curve obtained from experimentations showed a steady increase in force and 
deformation value up to a certain level, which usually is defined as bio-yielding point 
(Mohsenin, 1986). After yielding, the curves had descending trend as rupturing happened in 
the structure. The constitutive equation from literature was selected and used to fit the stress 
versus deformation ratio curve. Beside stress and deformation ratio, two other parameters 
needed to be defined including  (dimensionless) and  (same unit as stress). The details of 
this parameter’s influence on the trend of stress versus strain curve was investigated and 
presented in this chapter.  Values of  and  for tensile of peel samples were -25.66 and -
18.48 Mpa respectively, while  and  for flesh samples under tensile loading were -5.29 
and 5.27 Mpa. For the compressive loading also the values of  and  of peel sample were 
4.74 and -1.71 Mpa, and for flesh samples were 0.76 and -1.86 Mpa. After defining values 
for parameters of constitutive model, the stress versus strain curves resulting from 
constitutive modelling were compared with the actual experimental outcomes.  The Root 
Mean Square Error for each curve comparison was defined. The tensile loading curve for 
flesh samples had the lowset value of RMSE (0.008 Mpa) and the compressive loading of 
peel samples had the highest value (0.061 Mpa). The individual differences between 
experimental and predicted values were also determined as residual (R) and the residual 
values versus time curves for each curve obtained and compared with other results. After 
constitutive modelling and validation, fitted curves and results were used as input material 
properties for the stress versus strain curve in FE modelling of tensile and compressive 
loading.  
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5.5. Summary 
In this chapter, a constitutive modelling process of compressive and tensile response of 
pumpkin peel and flesh tissue was presented. The model was selected based on previous 
work on food products and the results of experimentation were applied to develop and 
validate the model. The outcomes of modelling and the constitutive parameters were 
determined for each case. The outcomes of constitutive modelling were used later for FE 
modelling and compared with the FE model with experimental inputs, which has been 
presented in following chapters.  
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Chapter 6 : FINITE ELEMENT MODELLING DEVELOPMENT 
6.1.  Introduction 
Applying Finite Element methods and software in modelling industrial operations is a new 
trend among researchers, particularly in the food and beverage industry. Researchers focus 
on determining and optimising the best possible conditions and highest quality of products 
considering conditional variables, mainly application of these methods in analysing stress 
versus strain for food materials under external loading, as it is usually difficult to use 
common experimental methods (Z. Li, Li, Yang, & Liu, 2013).  Additionally, computer 
based models are capable of predicting the outputs of operations even before manufacturing 
the equipment (Schaldach, et al., 2000). Considering the advantages of these methods and 
software, there are some limitations which need to be well thought-out. Material modelling, 
boundary conditions, dimensions and geometric aspects are some of these crucial parameters. 
Additionally, regarding the complexity of industrial operations, it is necessary to simplify the 
models in order to reduce the computation time and error. The response of agricultural crops 
and food materials differs in terms of damage on different sections and values of load; 
specifically under large deformations the rate of loss can be high due to the nature of tissue. 
This chapter details the research carried out in the development of a FE model of the 
mechanical loading process of pumpkin peel and flesh samples, in conjunction with a FE 
model of the mechanical peeling process. The model has been constructed to create a 
numerically stable and efficient representation of tough skinned vegetable response under 
large deformation. The model was developed using the LS DYNA v971 ("LD-DYNA 
Keyword User's Manual," 2001) program which is utilized in large deformation static and 
dynamic behaviours of materials (Hallquist, 2006). The other advantage of the LS DYNA 
program offers a combination of implicit and explicit technology to solve complex problems. 
This chapter presents the basic and fundamental aspects of finite element modelling that 
have been applied in the modelling and simulation. The methodology and results of 
164 
 
experimental work on physical and mechanical properties of tough skinned vegetables were 
also determined (as described in Chapters 3 and 4).  
This chapter presents the design and methodology that has been used to develop FE models. 
The content of this chapter has been divided into three broad parts: theoretical background, 
the design of FE models of uniaxial compression and tensile loading and FE model of the 
mechanical peeling process. Tensile and compression tests are two common methods of 
evaluating mechanical response of food materials under loading. In order to select an 
appropriate material model, results of compression and tensile tests were used to develop FE 
models, and outcomes of FE models were then applied for the FE model of the mechanical 
peeling stage. However due to similarity that occurs during peeling process and tensile test, 
the tensile properties of tissues were determined as input data for the final FE model of the 
mechanical peeling process. The model development was designed to present accurately the 
mechanical response of peel and flesh samples. The theory of finite element and formulation 
was detailed in this chapter and the verification and validation procedures used in this study 
were listed. In the next part of this chapter, the features of models and the experiments 
performed to develop a compatible material model for the pumpkin tissue are presented.  
6.1. FEA considerations 
6.1.1. Response of material  
Response of structure under loading is an important aspect in modelling and simulation of 
any engineering system. The response of a structure can be classified as linear or non-linear, 
which is highly related to the type of structure and operations that have been modelled. 
Linear response is defined as a direct relationship between stress and strain values (Texture 
in Food volume2: solid foods, 2004), which is normally limited to a very low rate of load for 
a short period of time. In a real world operation the response to the loading process is usually 
non-linear. In the case of agricultural and food materials, the linear response of materials is 
limited only to the small deformation condition, while the raise in the deformation value 
leads to non-linear behaviours of materials (Lu & Chen, 1998; Lu & Puri, 1991, 1992). 
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Although an elastic portion is usually considered as response of material to simplified 
mechanical loading tests, even this portion is restricted to the deformation condition, value of 
yield stress and the limit of elasticity. In addition, the geometric nonlinearity and boundary 
condition nonlinearity are two other aspects of nonlinearity in real world systems. In 
nonlinear geometry, the displacement level influences the application of structural load or 
the stiffness of the material, and the nonlinear boundary condition defines as change in 
behaviours of a system with the application of load (Gover, 2013). In this study the material 
behaviour is considered to be nonlinear and the failure criterion was used to develop FE 
models. The bio-yield and rupture points of samples obtained from experimental results were 
considered as effective parameters in modelling procedure. The details of mechanical 
behaviours of tissues under loading and the computed properties of them have been 
presented in the previous chapters thoroughly.  
6.1.2. Time dependency  
The time dependent behaviours of an engineering system are also important in developing 
and solving FEA models. Although the response of materials to the loads is normally time 
dependent, it is stated that a portion of operations can be considered as time independent to 
approximate the results of loading processes (Gover, 2013). Agricultural material response to 
the loading is described as time dependent (Quintana & Paull, 1993), and two types of 
responses have been introduced: time-independent elastics and time-dependent inelastic 
materials. In FEA modelling of a dynamic problem, change in load and its effects on the 
system’s structure is solved for change in time step.  
There are two methods of calculating incremental time steps: Implicit and Explicit methods. 
The implicit method solves an equation system at a time      while the explicit method 
considers the dynamic equilibrium at time  , and the new condition at      needs to be 
calculated by using the known condition of previous steps and there is no need to solve any 
equation system (Konietzky, 2003). In other words, the implicit met od doesn’t consider any 
upper limit for the time step size and calculates the response of the system in a few steps for 
a linear response. The implicit method uses the Newton-Raphson integration method to 
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define previous steps; this usually has computational cost and affects the accuracy of 
calculation especially when a system contains a large number of elements. The explicit 
method however, determines an upper limit for time step using natural frequency of the 
system, this limit being known as the Courant-Friedrichs-Levy (CFL) limit. To use the 
explicit method, it is necessary to know the CFL limit and a set of meshing, which delivers a 
consistent CFL limit for elements (Gover, 2013). The default time step size has been defined 
as 0.9 by software, and higher values often cause instabilities (Hallquist, 2006).  
6.2. Introduction to Finite Element Theory 
Agricultural and food materials, with regard to their response to mechanical loading, can 
behave time independent elastically or time dependent inelastically. For time independent 
elastic materials, the deformation will recover after removing the loads up to the elastic limit. 
Time dependent materials include viscoelastic and viscoplastic types. In the viscoelastic case, 
a portion of deformation recovers after removing the load, however in viscoplastic material, 
deformation doesn’t recover after eliminating t e load (Texture in Food volume2: solid foods, 
2004). Under large deformation operations, deformation changes the structure of food 
particles and remains permanently. In a time dependent deformation, the Finite Element 
Analysis method considers a body in an initial condition of              with a fixed 
rectangular Cartesian coordinate system (Figure 6-1).  
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Figure ‎6-1: A time dependent deformation in finite element theory (Hallquist, 2006). 
 
At time zero the initial condition describes as (Hallquist, 2006): 
            ,             Equation ‎6-1 
   ∫ [ ]    
 
 Equation ‎6-2 
  ̇               Equation ‎6-3 
where in Equation 6-1 to 6-3,    is the velocity at the initial position. The formulation for the 
momentum which satisfies           boundary conditions is: 
           ̈  Equation ‎6-4 
 Traction boundary condition of             on Equation ‎6-5 
 
Displacement boundary condition (   ) of          
      
Equation ‎6-6 
 
Discontinuity contact (   ) of (   
     
 )     
(Hallquist, 2006) 
Equation ‎6-7 
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The interior boundary    for Cauchy stress (   ), and current density ( ), body force density 
(f), acceleration ( ̈),the covariant differentiation (,) and a unit outward normal to a boundary 
element of   ̃ (  ).  
The reference density stated as       and deformation matrix is     
   
   
 where the 
relative volume is indicated by V. The energy equation for deviatoric stresses (    and the 
pressure (p) is: 
  ̇        ̇        ̇ Equation ‎6-8 
                  Equation ‎6-9 
If the bulk density is q, Kronecker delta is     (                              and 
stain rate tensor is   ̇ , the pressure will be ("LD-DYNA Keyword User's Manual," 2001): 
   
 
 
          
 
 
      
 
Equation ‎6-10 
∫    ̈          
 
      
 ∫ (        )     
   
 ∫ (   
     
 )         
   
 
 
Equation ‎6-11 
 
   satisfies boundary condition of     and the integration is over the current geometry. 
Applying divergence theorem gives the result of ("LD-DYNA Keyword User's Manual," 
2001): 
∫ (      )     ∫              ∫ (   
     
 )       
       
 
 
Equation ‎6-12 
Considering                             which will give the principle of virtual work as 
(Hallquist, 2006): 
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   ∫   ̈      
 
 ∫           
 
 ∫          ∫          
    
 
Equation ‎6-13 
Afterward mesh with interconnection at the nodal points is superimposed where the particle 
changes through time is tracked. Different element types can be used in applying FE 
modelling regarding the geometry and possible assumptions and simplifications. In the next 
subsection, details of FE model and element selection have been presented in detail.    
6.3. Basic Formulation of Dynamic FEM 
6.3.1.  FEA Solution and Element selection  
According to the principle of virtual design, in a mechanical operation the external load must 
be in equilibrium with the created internal stresses (Brocklehurst, 1993; Zienkiewicz & 
Taylor, 1977): 
In equations 6-14 and 6-15, F is t e external load, [B] is t e matrix related to t e velocity’s 
vector (U). Additionally the differentiation of strain rate with respect to time (  ̇ is calculated 
from: 
  ̇  [ ]  Equation ‎6-14 
  ̇  [ ]   ,̇  ̇  [ ]  Equation ‎6-15 
Where [ ]   is the material stiffness matrix and [K] is the tangential stiffness matrix. 
For an integration on time interval of    the stress is: 
    ∫ [ ]   ̇  
    
 
 Equation ‎6-16 
In order to develop a FE model it is essential to understand the element types and 
formulation which is a crucial parameter in complex operations. LS DYNA package offers a 
wide range of element types and formulations for various types of problems such as: 
structural, fluid dynamics, failure analysis, and heat transfer. In this study, a series of two 
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and three dimensional models has been developed and both solid and shell elements have 
been utilized. 
Solid elements usually apply for three dimensional models in which the third dimension of a 
model is an important factor in the simulation and output results. For this study, solid 
elements were used to model the compression test and the three dimensional model of the 
mechanical peeling process. In comparison with shell and beam elements, fewer 
simplifications are needed and boundary conditions are usually more realistic (Erhart, 2011). 
However, the time consumption and mesh refinement for this type of element are the main 
parameters to consider.  
Shell elements are usually used in two dimensional modelling; however the thickness of 
elements needs to be defined. Shell elements are utilised when the smallest length of body is 
less than one tenth of the characteristic length of geometry (Gover, 2013). Determination of 
stress in shell elements requires an integration point, the number of integration points is 
defined by the user. Basically for an elastic response a minimum of two points are required, 
while for non-linear response at least three, and for a non-linear plastic response, a minimum 
of five integration points are essential (Gover, 2013).  
Meshing-Solid and shell elements were used to mesh the models in different stages of 
modelling development, for the tensile test modelling, shell element, and solid element for 
compression and peeling model.  
6.3.2.  Boundary Condition  
Boundary condition is defined as detailed conditions of stresses and displacement on the 
boundary of the model. As it is stated by Cook et al. (Cook, 2007), the formal description of 
boundary condition for a fully assembled structure is: 
 [ ]  { }  { } [
      
      
] {
  
  
}  {
  
  
} Equation ‎6-17 
In Equation 6-17, [ ] { } and { } are the structure stiffness matrix, degree of freedom and 
load applied on the structure. 
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Transactional and rotational boundary control options are available in an LS DYNA package 
for local and global settings. In order to develop the FE model of compression and tensile, 
the detailed boundary condition accurately represents the experimental testing procedure. 
The transactional fixed support and displacement constrains were used to model uniaxial 
motion of the samples under loading. The tensile and compression models were developed 
considering the same experimental setups and boundary condition as in the experiment, 
while for the mechanical peeling model a series of assumption and boundary conditions were 
made. The details of these assumption and boundary conditions have been listed in the 
following sections. 
6.3.3.  Geometry Modelling and Assumptions 
MSC Patran was used to develop the geometry and meshing and the files were transferred to 
LS Prepost as Key files. The pre-processing stages such as material development and 
applying appropriate boundary conditions were added to the model afterward. The files were 
then saved as Key files and sent to LS DYNA solver to complete the solution.  
In order to develop FE model of mechanical loading of tough skinned vegetables, a series of 
assumptions  as been considered. Basically t e assumptions were made to “reduce t e model 
size and t e computation time, allowing t e development of a useful met od”. T e 
assumptions were made based on the principles of FE modelling and also according to the 
experimental conditions. The assumptions are as follows: 
- T e cutter was a rigid body w ic  is “supposed to be not deformable and its velocity is 
imposed” (Limido, Espinosa, Salaün, & Lacome, 2007). 
- The velocity of cutter was another factor during the process, which assumed to be 
 ig er t an t e actual speed. In t e ot er word “t e computation time is reduced by 
using a tool velocity ten times higher than the real velocity. It is valid as long as the 
accelerated mass is low and as the material behaviour is slightly influenced by strain 
rate” (Limido, et al., 2007). 
- “T e influence of tool wear upon cutting forces was neglected” (Özel & Altan, 2000) 
- Friction was ignored in order to simplify the model. 
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- The temperature, moisture content changes and heat increase were also ignored as the 
tissue was generally softer than the cutter and the heat generated as a result of peeling 
process was assumed to be ignorable. 
-  
Figure ‎6-2: 2D model of mechanical peeling. 
- Additionally, the tissues were fixed from bottom and left side as shown in Figure 6-2. 
This assumption was made regarding the fact that fruit will be fixed on the stage and 
during the process of mechanical peeling. 
- Cutter movement was limited to a straight line toward negative x axis. 
- Tissue assumed to have two layers, flesh and peel, which were separated using a 
Tiebreak_contant between two layers. Using the partitioning method gave the 
possibility of assigning different material properties to each part regarding the different 
characteristics of peel and flesh. 
6.4. Verification and Validation  
Before modelling starts, the problem needs to be addressed as a “reality of Interest” (Schwer, 
2007). In the case of the presented work, the behaviours of tough skinned vegetables under 
the mechanical peeling process were the initial interest. The modelling development began 
with a conceptual model of the problem, and ended with a computational model which 
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contains the experimental results as material properties of tissues under loading (Schwer, 
2007). From a conceptual to a computational model, there are essential stages including: 
mathematical modelling, which leads to a computational model after adding the input 
parameters such as physical and discretization parameters. The conceptual model is a 
combination of assumptions and detailed p ysical processes w ic  present “t e solid 
mechanics behaviours of the reality of interest from which the mathematical model and 
validation experience can be constructed” (Schwer, 2007). For instance a conceptual model 
of tensile testing of tough skinned vegetables is a thin shell body of rectangular samples with 
a narrow section in the middle. The model undergoes tensile loading by applying a 
displacement on one end of the body and a fixed displacement on the other side. 
Subsequently, a mathematical model is developed by adding the details of boundary 
conditions using mathematical data and theories (Gover, 2013). A mathematical model of the 
tensile testing of tough skinned vegetables contains the material formulation of tough 
skinned vegetables, the formulation of shell elements, displacements, velocity, density of 
material and mass of specimen. The computational model includes meshing and 
discretisation of geometry, specification of output, solution, and convergence principles. In 
the case of the tensile model, the selected explicit or implicit solvers and the type of mesh 
that has been applied are parts of computational model.  
 The next stage of establishing computational models consists of verification and validation. 
As has been stated, ASME verification is the evaluation of model and checking of accuracy 
in applying the mathematical model and the solution of it (Schwer, 2007). Validation 
however, is classified as the process of checking whether the model is a good representation 
of the real world problem or not (Schwer, 2007) (see Figure 6-3). 
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Figure ‎6-3: Modelling development, verification and validation procedure based on the mode resented in ASME 
(Schwer, 2007). 
Verification is the evaluation of a model which checks the accuracy of applying the 
mathematical model and the solution of it in a model (Schwer, 2007). Validation however, is 
classified as the process of checking whether the model is a good representation of the real 
world problem or not (Schwer, 2007). The verification process consists of two types: code 
verification and calculation verification. The code verification determines if the 
mathematical model has been employed properly, while the calculation verification checks if 
the computational model is accurate. Furthermore, the verification is carried out in order to 
evaluate the different steps of the model and if correct theories and formulations have been 
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implemented. The validation process, however, is a determination of the overall performance 
of the model in comparison with the real world results such as experimental data.  
6.5. Cutting Plant Material Mechanics 
Response of food materials under external loading differs due to the material properties of 
tissue. Studying the response of these materials to different types of loads such as cutting and 
peeling requires clear understanding of their physical and mechanical changes during the 
processes. In this section, the main focus will be on the design of FE models of plant tissue 
deformation during compression, tensile and cutting and peeling loading stages. Cutting soft 
materials consists of compression and tension loadings with a local bending before the actual 
failure happens (Persson, 1987). The separation of the material basically happens when the 
edge of the cutter contacts the material; the next phase is increase in stresses and contact 
forces up to the point that reaches material failure criteria (Persson, 1987). There are 
different factors involved with cutting plant material tissues including: properties of tissue, 
cutter’s angle, edge radius, edge configurations, s ape of counter s ear and clearance of 
knife, magnitude of forces, knife velocity, angle and thickness of material layer (Persson, 
1987). These factors affect the overall performance, material deformations  and energy 
consumptions of the peeling process; According previous study (Mahmoodi & Jafari, 2010), 
the types of blade and cutting knife have an important role in the cutting energy requirements. 
There are two types of cutting plant materials including the cutting process regarding the 
cutter action and nature of the support from the counter shear(Persson, 1987). There are 
different types of cutting methods regarding the formation of chip and cutting process (Table 
6-1). 
Table ‎6-1: Different types of cutting plant materials according Persson (Persson, 1987). 
Cutting process 
Based on the action of the knife Based on the nature of the support from the 
countershear 
Solid cut 
Chip-forming cut, brittle material 
Plastic cut 
Solid cut after compression 
Cut in local tension 
Wedging cut 
Free cut (impact cut) 
Peeling cut 
Countershear cut 
Scissors cut 
Clipper cut 
Anvil cut 
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Chip-forming cut , ductile material 
Bending cut 
Tearing cut (squeezing) 
Scraping cut 
Slicing cut 
 
 
Kronenberg (1954 (Persson, 1987)) has reported the cyclic nature of plant cutting tissues, in 
which stress increases to a critical value and is released by partial failure of material and 
increased as the process is continued with the movement of cutter through the material.   
 
6.6. Stress Failure Criterion  
In analysing the deformation rate and energy consumption of food processing operations it is 
essential to have a good understanding of failure phenomenon in food particles. Plastic 
deformation basically is known as a state of failure in material structure (Fischer-Cripps, 
2000) which can happen due to various changes on structure of tissue such as cleavage, slip 
and bruise (Holt & Schoorl, 1983). There are different failure criteria depending on the type 
of material and external loading. In this study the Yielding stress (Von Mises Criterion) has 
been considered as the main factor of causing failure in the material. In this failure condition 
mainly deviatoric stress creates the changes rather than the hydrostatic stress (Fischer-Cripps, 
2000). Based on experimental results the Von Mises failure criterion is more accurate than 
the Tresca failure criterion (Leckie & Dal Bello, 2009). According to the Von Mises 
criterion the Yield stress is: 
 
  √
 
 
[                          ] 
 
Equation ‎6-18 
where in Equation 6-18, Y is the Yield stress under tensile or compressive loading. In a 
special condition of plane strain where    , the stress in z direction              
   . Additionally if the two principle stresses are equal then the Von Mises and the Tresca 
failure criteria will be the same (Fischer-Cripps, 2000).  
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6.7.  Material Model Evaluation Using Experimental Results 
Agricultural and food material behaviours under external loading can be complex as these 
materials are naturally soft and various factors affect their response. For example, moisture 
content, variety and maturity stage are some of these influential parameters.  FE modelling 
of their response in mechanical operations is a challenge. The important aspect is selecting 
an appropriate material model which exhibits similar properties of materials in both elastic 
and plastic regions. LS DYNA package is used in this project to develop the model. In terms 
of material modelling the main concerns were the accuracy of the FE model behaviour under 
loading in comparison with the experimental results. Stress versus strain and force versus 
deformation were the parameters to compare the results of modelling with the empirical 
outcomes. In order to evaluate the material response to the external loading, two 
compression and tensile models were developed and the results of simulations were 
validated using the experimental tests results. Caused by the nature of food and agricultural 
materials, the yielding stress and plastic deformation phases were the crucial factors in the 
loading process. A piecewise model with the capability of inputting elastic and plastic 
section details has been chosen to create the material model. The bio-yield stress was used as 
a point in which the failure starts in the tissue structure, and the details of plastic section of 
stress strain curve were entered as the guide for plastic changes in material. In this section 
the details of these models have been listed and the involved parameters discussed. 
Piecewise-linear plasticity formulation (MAT_24) is one of the available material types in 
the LS DYNA package which classifies material response to elastic and plastic sections. In 
the elastic zone, material’s modulus of elasticity (E) is t e main parameter and t e limit of 
elasticity is defined by Yield stress. The other advantage of this material type is the 
possibility of inputting true stress-true strain curve to the model in which the material will 
behave as experimental data shows. The other option available is to define 8 points after 
yielding as effective plastic stress and effective plastic strain values, to define the actual 
stress versus strain curve in plastic region. In the case of agricultural and food materials 
178 
 
regarding the complex behaviour of materials, the first option was utilized and the true stress 
versus true strain curve, which was obtained from experimental study, was used as input data. 
After yielding the tangent modulus of material also is important to describe the plastic 
behaviours of particles. The value of tangent modulus needs to be lower than the value of 
Elastic modulus (E) for the plastic behaviours of material. While the stress versus strain 
curves were input as the effective plastic stress and strain data, defining the values of tangent 
modulus were not required ("LD-DYNA Keyword User's Manual," 2001).   
 
6.7.1. Material Model 
Mechanical behaviours of food and agricultural materials under external loading have always 
been an important parameter in quality control and customer acceptance of these materials. 
To establish a FE model of mechanical loading of tough skinned vegetables, it was crucial to 
develop an accurate material model and select the best matching material type from the LS 
DYNA library. Different aspects of mechanical and physical properties and agricultural 
crops have been classified in the previous chapters. In this section various considerations and 
experimental procedures that have been undertaken during the material modelling will be 
listed. 
This failure breaks the cell walls and creates elastic and inelastic deformations in agricultural 
crops such as apple, which have been defined as bio yield point by Mohsenin (Mohsenin, 
1986).  For the harder materials such as kernels this phenomenon creates cracks that can be 
visible or invisible on the surface of grain, in meat however it has been defined as the tearing 
and separating that happens in the connected parts of tissues (Mohsenin, 1986).  
There are previous studies of mathematical modelling of the post harvesting and food 
processing operations. However the majority of them have considered materials to behave 
elastically under loading. The study on FE modelling of pitting Litchi (C. Y. Li, et al., 2012)  
used the LS DYNA package to model the litchi pitting process with a focus on elastic 
material properties; the hullability of sunflower seed was also investigated considering linear 
elastic material behaviours (Hernandez & Belles, 2005). Additionally, the bruising prediction 
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of watermelon was investigated using the FE model  and applying linear elastic material 
properties for the watermelon tissues (Sadrnia, et al., 2008).  As well, a study on apple 
bruising (Romo & Yoxall, 2005) also selected the elastic properties of apple tissue as input 
data for the numerical modelling. Previous studies that modelled the mechanical response of 
food particles under loading usually used the elastic material characteristics to develop the 
model (Lewis, et al., 2008; C. Y. Li, et al., 2012), while plasticity is an integral part of 
mechanical loading of agricultural and food materials. 
Both experimental results and constitutive modelling results were used to validate the FE 
model. An elastic material model was selected as the first step of the material modelling for 
tensile model. The results of the FE model were then validated using the experimental 
outputs. In both cases the FEA and empirical results had a very good agreement. The details 
of model and response of the model to loading process have been presented in the following 
sections. 
Afterwards in order to develop a more idealistic model of material behaviour, an elasto-
plastic material model with the failure criteria option has been utilized. The model uses the 
Cowper Symonds model with the following formulation for scaling the strain rate ("LD-
DYNA Keyword User's Manual," 2001): 
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 Equation ‎6-19 
Equation 6-19 is use in dynamic case where the        , however for static problems 
when the         the model will apply the following solution: 
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In both equations 6-19 and 6-20, the       is the Yield stress,     
 
 and   ̇  
 
 are effective 
strain and strain rates, and   
 (    
 
) is the static stress.  
The main advantage of using MAT_24 is the possibility of considering the plastic behaviours 
of material, which happens after bio-yielding point and creates rupture and failure in the 
180 
 
structure of tissue, as well as nonlinearity and large strains happening in small stress 
condition in mechanical loadings of food materials (Mohsenin, 1986).  
 
6.7.2. Compression Model 
Compression tests were performed and force versus time diagram was obtained (see the 
details in the previous chapters). The deformation speed was 20 mm/min and the samples 
were cylindrical elements from pumpkin peel and flesh. Unpeeled samples were also tested 
and the results have been compared in the experimental results chapter. A series of 
assumptions was considered as below: 
- The compression loading process happens with the constant rate of 20 mm/min. 
- The material is assumed to be homogenous and moisture content assumed to be 
constant. 
- According the unit consistency in LS DYNA the system of units: tonnes, mm, s, N, 
Mpa and Nm ("LS-DYNA Support," 2013) was selected for all the models.  
- The flesh and peel samples had different heights according to the experimental 
specimen dimensions.  
- Material properties were obtained from the empirical results. 
- Both flesh and peel models were developed using solid element and triangular mesh. 
The process of developing and solving the models consisted of three steps, including pre-
processing, solving and post-processing. Geometry modelling, material input, applying 
boundary condition and meshing were parts of pre-processing which was completed in 
MSC-Patran and LS PREPOST. LS PREPOST is a Graphic User Interface (Chandrasekaran, 
2011) which was used to complete the Key files exported from MSC-Patran and saved for 
solving in LS DYNA solver. The output results were binary files which were used in the 
post-processing operation in graphical user interface. 
In order to develop a model of compression tests, cylindrical models of flesh and peel 
samples with diameter of 40 mm were developed (Figure 6-4). The height of peel and flesh 
samples were 5 mm and 34.44 mm respectively. A piecewise material model (MAT_24) was 
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used from LS PREPOST library to establish a material model of peel and flesh tissues. The 
values of stress versus strain curve were input for the material model. The elastic modulus 
was considered to be the slope of stress-strain curve. Poisson’s ratio value for fles  samples 
also was obtained from experimental tests (detailed in previous sections).  
 
(a) 
 
(b) 
 
(c) 
Figure ‎6-4: (a) Flesh, (b) the top and bottom surface of both samples and (c) peel FE geometries. 
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T e value of Poisson’s ratio for peel samples wasn’t calculated due to t e difficulties of 
measuring lateral displacements under compressive loading, however the value determined 
for unpeeled samples (0.33) was used for the peel layer in FE model.  The stress versus strain 
for peel and flesh samples have been shown in Figure 6-5 and the details of material 
properties calculation have been listed in the previous chapters. 
A set of nodes was defined on the bottom surface of the model and fixed support was applied 
at this area limiting the transactional and rotational movement in X, Y and Z directions. The 
compressive movement also modelled as a displacement-time as applied on a set of nodes on 
the top side of samples which moved in a negative direction of Z axis. The termination was 
applied as the time that the compressive loading experiment has been stopped. 
 
(a) 
 
(b) 
Figure ‎6-5: Engineering compressive stress versus strain for both (a) flesh and (b) peel samples. 
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In order to model the compressive loading a motion type was modelled for a set of nodes on 
the top side of the cylindrical samples. A Prescribed_Motion_Set was applied for a set of 
nodes on the top surface of the samples with the displacement in Z direction and the load 
curve obtained from experimental tests. The termination time for all models was considered 
to be the termination time of experimental tests with the time step of 0.1 s. 
The post-processing was completed in LS PREPOST; the desired outputs were defined as 
nodal and element details of force-deformation, stress-strain curve. The details of outputs 
were specified in the Database tab and a set of nodes were defined on one side of the 
samples in order to record the compressive load details after solving the model. The details 
of force versus time during compression loading were then determined and compared with 
the experimental results.   
6.7.3.  Tensile Model 
In order to collect tensile properties of pumpkin tissue, tensile testing was performed on flesh 
and peel samples. The details of test setup and loading have been presented in the previous 
chapters. A similar process was applied to establish FE model of tensile loading of peel and 
flesh samples of pumpkin including pre-processing, solving and post-processing steps. The 
following assumptions were considered: 
- Samples were dog bone-shaped with a narrow section in the middle. The length of 
samples was 40 mm with a width of 10 mm. 
- Shell element was selected for the tensile model and the thickness of samples was 3 
mm according the experimental dimensions of samples. 
- The materials assumed to be homogenous and moisture content assumed to be 
constant.  
- According the unit consistency in LS DYNA the system of units: tonnes, mm, s, N, 
Mpa and Nm ("LS-DYNA Support," 2013) was selected for all the models.  
- Material properties were obtained from the empirical results. 
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The geometry was developed in MSC PATRAN and exported to LS PREPOST as a Key file 
for material modelling and meshing process. From the available material library in LS 
PREPOST, a linear elastic plastic material (Mat_24) was selected. Arc sided shaped samples 
with length of 40 mm, width of 10 and thickness of 3 mm were modelled (Figure 6-6). The 
deformation rate in the tensile test was 20 mm/min using an INSTRON universal testing 
machine. The details of tests on peel and flesh samples of the tough skinned vegetable, 
pumpkin, have been listed in Chapter 3. 
 
(a) 
 
(b) 
 
(c) 
Figure ‎6-6: (a) Tensile FE model and (b) the experimental sample and (c) the FE model with boundary condition 
applied. 
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A fully integrated element type was applied for the FE model, which is commonly used for 
plasticity problems in LS DYNA software (Hallquist, 2006). A displacement was applied on 
a set of nodes defined on one side of the model; a fixed boundary condition was applied on 
this set. Prescribed_Motion_Set was applied on a set of nodes defined on the free side of the 
model. The motion assumed to be a displacement in X direction and the detail of elongation 
versus time was obtained from experiments. Stress versus strain curve has been calculated 
using the results of the force-extension curve obtained from experimental tests (Figure 6-7).  
 
(a) 
 
(b) 
Figure ‎6-7: (a) Engineering and (b) true tensile stress versus true strain curves. 
The true stress and true strain values were also calculated using the following formulas 
(Pruitt & Chakravartula, 2012): 
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           Equation ‎6-21 
            Equation ‎6-22 
In Equation 6-21 and 6-22,   ,   ,   and   are true stress, true strain, engineering stress and 
engineering strain respectively. Outputs were determined using the Database option available 
in LS PREPOST software for nodal and elements of the model. Termination time was 
obtained from experimental testing and the time step was 0.1s. The model was saved as a 
Key file and sent to LS DYNA solver, the post-processing step was completed afterward 
using the results of simulation.  
 
6.7.4.  Mechanical Peeling Model 
In order to develop the FE model of mechanical peeling process, pre-processing stages MSC 
PATRAN and LS-PREPOST, and for post processing LS PREPOST software were used. 
The models were saved as a Key file and submitted to LS DYNA solver for solving process.  
A simplified model of a block of material was modelled and simulated. The two layer block 
of flesh and peel material and a sharp edge cutter were modelled. According to the 
experimental results, both compression and tensile material properties were calculated. 
However the results of tensile tests were used for the modelling of peeling process. The 
details of assumptions, geometries, boundary conditions and solution of the models have 
been presented in the following sub sections. 
6.7.5. Pre-Processing /Solving /Post-Processing 
A mechanical peeling model of tough skinned vegetables was established using MSC 
PATRAN and LS PREPOST software for pre and post processing steps and LS DYNA 
solver for solving the models. The following assumptions were considered during the 
modelling and simulation process: 
- The peeling speed was constant. 
- The cutter was a sharp edge triangular body. 
- The cutter modelled as a rigid body and the cutter wear was neglected during the 
process. 
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- Material was assumed to be homogenous and moisture content assumed to be 
constant. 
- According the unit consistency in LS DYNA the system of units: ton, mm, s, N, Mpa 
and Nm ("LS-DYNA Support," 2013) was selected for all the models.  
- Peel and flesh layers were modelled as two separate models and an appropriate 
contact type was defined between them. 
- Material properties of model were determined from empirical results. 
Pre and post processing stages of modelling were completed using LS PREPOST and MSC-
PATRAN softwares and LS DYNA solver for solving the models. The model contained of 
two layers with flesh and peel material properties (Figure 6-8).  
 
Figure ‎6-8: A two layered tissue modelled for mechanical peeling process. 
The depth of peeling was limited to the peel layer with thickness of 5 mm. This was 
introduced as depth of cut in modelling cutting process by Gyliene and Osrasevicius 
(Gyliene & Ostasevicius). The cutter had a single contact point and the cutting force was 
perpendicular to the cutting edge. An Automatic_Single_Surface contact type was employed 
to describe the interaction between tissue and cutter. Additionally, a 
TIEBREAK_Surface_to_Surface contact type was determined between peel and flesh 
samples with the magnitude of tensile stress for the failure point. The work piece was 
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constrained in all six degrees of freedom in the bottom side. The cutter was modelled as a 
rigid body with a Boundary_Prescribed_Motion_Rigid for the cutter movement toward the 
tissue. The peel and flesh models were considered as the deformable body (slave) and the 
cutter was the master (or rigid) during the peeling process.  
An elastic plastic material behaviour with the failure criterion was selected for the tissue 
material model. For the peel and flesh samples the details of stress versus strain curves were 
used as input data to describe the actual behaviours of material under loading. For the cutter 
Mat_Rigid was chosen and the Arbitrary Lagrangian Eulerian calculation model was in 
Section_Solid element type. Both compression and tensile properties of peel and flesh 
samples were available using results of experimental study (mentioned in the experimental 
result chapter). Hexahedral solid elements were used for peel, flesh and cutter parts. 
However, regarding the similarity of tensile process to the peeling operation and the failure 
type happening in tensile loading, tensile testing results was chosen for the tissue (Gyliene & 
Ostasevicius) . 
Density of flesh and peel samples were obtained from experimental tests using the water 
displacement method (refer to the previous chapters). Elastic modulus was obtained from the 
experimental results as the slope of the stress strain curve. Bio yield value was also obtained 
from the experimental tests, which was defined as the point in which the strain increases 
w ile t e stress value stays unc anged or decreases. T e values of Poisson’s ratio for flesh 
samples was obtained from experiment while the value for peel samples was considered to 
be equal to the value determined for unpeeled samples (detail has been presented in previous 
chapters).  
Regarding the mentioned failure criterion, the bio-yielding point was defined as the point 
that the assumed failure in material structure starts and is followed by the plastic changes and 
rupturing in cellular arrangement. FE models were solved for both experimental and 
constitutive model results. The outputs were determined after a solution was completed in 
LS DYNA solver; the stress versus strain and force versus deformation curve were obtained 
from the model, and the results will be discussed in detail in the following chapter 7.  
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6.8. Summary  
In this chapter, detail of the development of computational models of mechanical peeling 
and mechanical loading of tough skinned vegetables applying Finite Element Analysis was 
described. An introduction on FEM theory was presented and the capability of LS DYNA 
package to develop the proposed models was discussed. The material model and the material 
properties have been applied as input data for the model also presented. The assumptions that 
have been made in the modelling process were also presented. The details of geometry 
modelling and boundary condition application of each model have been discussed in this 
section as well.  
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Chapter 7 : FE MODEL OF PUMPKIN PEEL AND FLESH 
SAMPLES UNDER MECHANICAL LOADINGS  
7.1. Introduction  
During harvesting, post harvesting and processing stages, agricultural crops are subjected to 
various types of mechanical loading (Alamar, et al., 2008). Depending on the susceptibility 
of these materials to loading, the volume of damage can be different. Usually experimental 
approaches are used to investigate the response and resistance of food materials under 
loading stages. However, numerical modelling methods have been introduced in the 
engineering research field to analyse the behaviours of materials in various conditions. Finite 
Element Analysis methods have become popular among researchers of industrial 
optimisation and design operations, as these models assist them to predict the performance of 
industrial processes. Although there are prior studies applying experimental methods, 
focusing on food processing and post harvesting waste, there are few studies that have 
investigated the use of computational modelling of food processing and post harvesting 
operations. Up to date, there is no published study on FE modelling of mechanical cutting 
and peeling stages of tough skinned vegetables.  
Finite Element modelling methods and software have been employed to describe and solve 
several industrial cases. Advantages such as time and cost efficiency make these methods 
more applicable than common experimental case studies. However, for modelling complex 
operations, it is required that some assumptions and boundaries are defined in order to 
simplify and run the model.  
FE models are a part of the analytical methods used to study industrial processes; analytical 
approaches include three main groups, consisting of “exact or closed- form solutions, 
approximate but closed-form solutions and more recently, numerical solutions” (Puri & 
Anantheswaran, 1993). Computer models are an integral part of analysing engineering 
processes because of their great ability of predicting performance of new designs, even 
before manufacturing the equipment (Schaldach, et al., 2000). Furthermore the results of 
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these types of models make it possible to generalize for a certain class of problems in 
comparison with experimental results, which are not expandable for different cases (Puri & 
Anantheswaran, 1993). Finite element analysis (FEA) has been applied for some operations 
in food industry including: vibration fruit firmness, pressure and internal bruising in fruits, 
drop test, developing fruit cell models, food colloids, and dynamic collision (Alamar, et al., 
2008; Dintwa, et al., 2011; Dintwa, Van Zeebroeck, Ramon, & Tijskens, 2008; Lewis, et al., 
2008; Z. Li, et al., 2013; Sadrnia, et al., 2008; Wu & Pitts, 1999). The work presented in 
Chapters 4, 5 and 6, listed the results of experimental testing, constitutive modelling and 
methods of FE modelling. In this chapter, the outcomes of previous chapters will be 
presented in the form of a comparative analysis which evaluates the FE modelling outputs of 
mechanical loading of pumpkin tissues under large deformation, in combination with the 
results and discussion on the outcomes of FE modelling and validation.   
7.1.1. Chapter Outline 
The content of this chapter can be divided into two parts, the development and validation of 
tensile and compression test models and the development and presenting the results of a 
mechanical peeling model. The finite element analysis method was used to develop the 
models for both peel and flesh samples. Two different material types were used for the 
tensile test in order to investigate the accuracy of the FE model to represent material 
behaviours for both elastic and plastic material response.  
In the first section, the results of experimental tests were used to develop mechanical loading 
models including uniaxial tensile and compression tests and these models were called 
experimental based FE models. The models were validated with experimental results; after 
validation the FE models were compared with the constitutive models. Additionally, tensile 
and compression responses were solved using the constitutive results from Chapter five as 
input data for the properties of tissue which has been named constitutive based FEA in the 
following sections of this chapter. The results of modelling were obtained and differences 
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between experimental and FE results were presented as percentage of error. In the second 
section, the results of these models were used to develop the FE model of mechanical 
peeling for tough skinned vegetables.  
7.2. Computational Model of Mechanical Properties of Pumpkin 
Tissue 
The proposed computational models include a non-linear elasto-plastic material type which 
has been developed for an isotropic and homogenous material. LS-DYNA is FEA software 
developed for modelling and analysing the large deformation in static and dynamic 
conditions (Hallquist, 2006). It is capable of explicit and implicit modelling of high speed 
dynamic impact problems with a large number of elements in nonlinear conditions 
(Watanabe & Umezu, 1995). Additionally, LS DYNA has the diversity of element types and 
material models including 150 material models in addition to the possibility of 10 user-
specified models (Hallquist, 2006).  The model was developed using MSC PATRAN for 
geometry design and then the model transferred to LS DYNA as a “key” file. Afterward, 
material modelling, boundary conditions, contact types and pre-processing steps were 
completed in LS PREPOST software. T e final “key” file was sent to t e LS DYNA solver 
to solve and the post processing step of reading results was performed using LS PREPOST.  
The following performance criteria were considered in the process of developing FE models 
of mechanical loadings: 
- The FE models of compression and tensile loadings are numerically compatible with the 
experimental and constitutive results. 
- The material model selected for each model should accurately represent the mechanical 
behaviours of tough skinned vegetables under loading. 
- The results of mechanical peeling model should be comparable with the previous 
experimental studies on peeling and cutting stages. 
The performance criteria were employed to facilitate developing an accurate FE model for 
each part, which led to accomplishing the planned objectives of the study. For the first 
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criterion, the results of FE models were compared with the results of experimental 
compression and tensile tests were complied. The material models were then applied to 
develop the FE peeling model as the second criterion and the outputs of this model were 
evaluated using the available data from literature. In the following sections, the simulation 
results will be presented and analysed using the real data from experiments. In the process of 
data analysis, it was decided to treat the data obtained from FE simulation in the same 
manner as the experimental data were treated. The first FE models were developed for 
uniaxial tensile and compression tests using the experimental data for the properties of 
materials. In the second step the constitutive modelling results were used as input material 
properties for the materials. Both modelling responses were compared with experimental 
results and the error percentage and Root Mean Squared Error (RMSE) were determined and 
compared. Afterward, the results of material models were used to develop and solve the 
mechanical peeling model. The third model was solved and the outcomes were compared 
with the available data in literature.    
In the following sections, the results of FE modelling for tensile and compression models 
have been presented; the models were solved with two input data sets including experimental 
and constitutive results. The diagram of how input data has been used to develop and 
validate models has been shown previously in Chapter 4 Figure 4-1. 
7.2.1. Error Indicator 
The results of experimental and constitutive base FE models were obtained and the error 
indicator values were defined based on the following description: 
        
|         |
|    |
     Equation ‎7-1 
In Equation 7-1,       ,      and      are error indicators for the force predicted, 
experimental force value and FEA predicted force value. For each FEA set of results, the 
individual differences between experimental values and values predicted by model, an error 
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percentage was determined. The accuracy of FEA results were then compared for each 
model based on the error values.   
7.2.2. Development and Validation of Finite Element Model of Tensile Test  
The tensile model was developed for two different material behaviours including linear 
elastic and plastic material response. As existing FE modelling studies in literature mainly 
used linear elastic material model for development and validation of their models, it was 
decided to create and validate a tensile model in order to be able to compare the results with 
available literature. In addition, in the FE model of mechanical peeling, the flesh layer had a 
linear elastic material type so that the results of this part of modelling have been used for 
modelling development as well. Afterward, models of tensile and compression tests were 
developed using plastic material model. The details of all the models have been reported in 
the following sections.  
7.2.2.1. Tensile Model Using Elastic Linear Material Model for Peel and Flesh 
The pre-processing and solving process of tensile models were completed in MSC PARTAN, 
LS PREPOST and LS DYNA solver. The models were solved for elastic and plastic material 
behaviours, the post-processing parts of modelling were also completed in LS PREPOST. 
The results of models were then validated using experimental outcomes. The model details 
and the considered assumptions have been listed in the previous chapter. In this section the 
output of the FE modelling will be presented and compared with the experimental results. 
The material properties obtained from experimental testing results were used as input 
parameters of the FE model. For the loading process a displacement was applied in 
longitudinal direction of the model, while a fixed displacement was applied at the end of 
sample. According to available literature, agricultural and food materials have plastic and 
nonlinear response to the external loading. However, the majority of previous studies have 
considered material to behave elastically and the material models that have been utilized for 
different FE models were determined as linear elastic type. Some of these studies are the 
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finite element model of internal bruising in watermelon (Sadrnia, et al., 2008), apple cells 
under external loading (Wu & Pitts, 1999), finite element model of sunflower seed under 
loading (Hernandez & Belles, 2005), the prediction of internal damage on tomato (Z. Li, et 
al., 2013) and the study of pressure and bruising on apple tissue (Lewis, et al., 2008). 
Although using elastic material types is a helpful approach to predict rate of damage on food 
properties, however modelling the plastic response of the material is a more realistic way to 
investigate loss rate on food materials. The first part of this study followed the previous 
researchers’ approach and used elastic linear material properties for peel and flesh models 
under tensile loading. Afterward, the Piecewise_Linear_Plasticity material model was used 
to develop a FE model with the nonlinear and plastic behaviours for the tissues. The density, 
modulus of elasticity and Poisson ratio were obtained from experimental results (see Figure 
4-1). For the first model, the elastic portion of stress versus strain curve was considered for 
mechanical properties determination. The displacement versus time curve was also applied 
up to the elastic limit for the loading and as is mentioned before, the stress versus strain 
relationship assumed to be linear with the slope equal to elastic modulus value. The other 
required material parameters for this model were the density, elastic modulus and Poisson’s 
ratio of tissues, which were determined from experimental study (Table 7-1). The unit 
chosen was Mega Pascal and Newton for modulus of elasticity and force as well as tonnes, 
second and millimetre for mass, time and length (Table ‎7-1). 
 
(a) 
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(b) 
Figure ‎7-1: Force versus time resulted from experimental tests for (a) peel and (b) flesh samples applied for FE 
tensile model. 
The models were solved and the outcomes of force versus time were determined as shown in 
Figure 7-2. The maximum stress happened in the narrow middle section of the samples, 
which is the section where rupturing happened in experimental tensile tests as well. This was 
expected as the cross sectional area is smaller than the sides of sample, and as a result the 
value of stress will be higher on the middle section in comparison with the sides. Maximum 
tensile load reached 22.8 N, which was close to the experimental value 20.21 N for peel 
samples. The results of force in flesh samples were 7.4 N while the experimental value was 
7.8 N. The difference between errors for the predicted value from the FE model and the 
actual experimental values were calculated as error percentage values and the percentage of 
error versus time curves was determined for both samples as is shown in Error! Reference 
ource not found. (b) and Figure 7-3 (b) The Root Mean Square Error (RMSE) values also 
were determined to compare the accuracy of the FE models, the RMSE values for peel and 
flesh samples were 1.03 Mpa and 0.36 Mpa respectively. These RMSE values show the 
difference between the FE predicted value with the actual values observed in experimental 
tests. The ratio of individual differences over the experimental values for force was also 
determined as error indicator (see Equation 7-1) for sets of data obtained from FE and 
experimental results.  
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Table ‎7-1: Mechanical properties of samples input for the elastic material type. 
Material Density  
(ton/mm
3
) 
Elastic Modulus 
(Mpa) 
Poisson’s ratio 
Peel 0.903×10-9 25.02 0.33 
Flesh 0.934×10-9 7.36 0.434 
 
Values of error shown in Figure 7-3(b) showed that the maximum difference between 
predicted and experimental value happened where the experimental curve bends, while the 
FE results is a linear line regarding the material type selected. Maximum error value was 31% 
for peel samples.  
The results of stress for both flesh samples with elastic material properties also have been 
presented in Figure 7-3, where maximum error happened near the force peak value which 
was 16% (Figure ‎7-2 (b) and Figure 7-3(b)). 
 
(a) 
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(b) 
 
(c) 
Figure ‎7-2: Tensile force versus time for peel samples 
(a), error percentage between predicted and experimental values (b) and (c) the stress distribution resulted from 
FE model.  
 
(a) 
RMSE=1.029 
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(b) 
 
(c) 
Figure ‎7-3: Tensile force versus time for peel samples 
(a), error percentage between predicted and experimental values (b) and (c) the stress distribution resulted from 
FE model.  
 
The FE results had a good agreement with the experimental results, considering the material 
model selected was linear elastic. There are some areas where results are not exactly the 
same, however according to the assumption has been made; the outcomes are in good 
agreement with experimental results. The comparison between FE and experimental work 
shows a better agreement for smaller deformation; similarly it is reported by Dintwa et al. 
(Dintwa, et al., 2011) for tomato under compressive loading. Where the results of the FE 
model showed a very close result under smaller deformation (less than 0.2 mm), the error 
values for flesh samples were much lower than the error percentage for peel samples, 
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according to the shape of experimental curve. For flesh samples, under smaller deformation 
the difference between predicted values was lower while for peel samples, smaller errors 
appeared under larger deformation (see Figure 7-2 and 7-3). In comparison between peel and 
flesh results also there was a better correlation between experimental and FE results for flesh 
samples; the percentage of error and RMSE were lower which is related to the shape of the 
curve under smaller deformation. As is mentioned before regarding the curved shape of peel 
samples, the first section of peel results was less linear than the flesh samples, which were 
flatter than peel samples.    
Table ‎7-2: RMSE and maximum load predicted by FE model using linear elastic material properties. 
Linear Elastic Material RMSE Maximum Force (N) 
FEA 
Peel 1.06 14.86 
Flesh 0.39 7.87 
EXP 
Peel - 21.79 
Flesh - 7.47 
 
As is presented in Table 7-2, the values of Root Mean Square Error for the FEA results were 
determined for both peel and flesh samples. The maximum load predicted for peel samples 
was 14.9 N which is lower than the experimental value 21.8 N; the FEA result for flesh 
samples however showed a closer value to the experimental value.  
7.2.2.2. Tensile Model Using Piece-Wise Material Model  
The response of peel and flesh samples under tensile were modelled considering an elasto-
plastic material type from LS DYNA library (PieceWise_Linear_Plasticity). The true values 
of stress and strain were calculated as has been mentioned in the previous chapter. The 
modulus of elasticity, density, Poisson’s ratio, bio yield stress, and t e true stress versus 
strain curve were input as material properties (see Table 7-3) for material properties. The 
mentioned material model (PieceWise_Linear_Plasticity) is a failure-based material type 
which requires the details of yielding point and the effective plastic stress versus strain 
curves. The models were run for peel and flesh with the mechanical properties as detailed in 
Table 7-3. 
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Table ‎7-3: Material properties used for tensile model. 
 Density(ton/mm3) 
Elastic Modulus 
(Mpa) 
Bio-Yield 
Stress (Mpa) 
Poisson’s 
Ratio 
Peel 0.903 ×10-9
 
25.02 1.5 0.33 
Flesh 0.934×10-9
 
7.63 0.58 0.434 
 
After developing the FE model, results of experimental and constitutive model were used to 
run the model with two different input data sets. The constitutive model developed for peel 
and flesh samples under tensile is presented in Equation 7-2 and 7-3 as below; the 
coefficients for each sample type were different and determined by fitting a curve to the 
experimental curves.  
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 Equation ‎7-4 
In Equation 7-2 and 7-3,     is the stress (Mpa) and   is the deformation ratio which was 
determined using Equation 7-4. The constitutive coefficients values of  and  were -
25.6592 and -18.483 for peel and 5.2701 and -5.288 for flesh samples. The details of 
constitutive modelling and the calculated coefficients have been presented with details in 
Chapter 5. The curves in Figure 7-5 feature a force versus time curve resulted from FE 
modelling; the differences between experimental values and predicted values with FE in two 
different cases have also been presented.  For most of the loading process the difference 
between predicted values with experimental values for two FE models followed a similar 
pattern while the error percentage obtained from constitutive based FEA was lower than the 
FEA with experimental based data under 2 seconds, and after 5 seconds, both results had 
close error values. In other words, the result of force versus deformation from the FE model 
using experimental values as input data was much closer to the experimental values. Root 
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Mean Squared Error also was calculated for the obtained results and shown in Table 7-4. The 
RMSE was also 0.44 Mpa which is lower than the values determined for FEA with the 
experimental input model (1.36 Mpa).  
Table ‎7-4: Comparison between FEA and constitutive modelling results and RMSE values for tensile test of flesh  
samples. 
Tensile 
RMSE Maximum Tensile Load (N) 
Peel Flesh Peel Flesh 
FEA 1.36 0.18 21.19 8.53 
Constitutive Model 0.44 1.04 20.96 7.09 
Experimental  - - 20.14 8.39 
 
For the first two seconds of the loading, the FEA with experimental input followed a close 
pattern with the experimental curve while the constitutive curve was opposite (see Figure 7-5 
(a) and (b)).  For both models however, the maximum predicted values of force was higher 
than the experimental results. For the overall outcomes for both experimental and 
constitutive input properties the RMSE values were acceptable and the model in both cases 
was able to predict material behaviour accurately. 
 
(a) 
203 
 
 
(b) 
 
(c) 
Figure ‎7-4: Results of FE model with experimental and constitutive input properties, and percentage of error for 
peel samples under tensile loading. 
 
The results of FE models for flesh samples have been presented in Figure 7-5 (a, b, and c). 
The curve resulted for the first FE model with experimental input (Figure 7-5(a)) showed a 
good agreement with the experimental data while the magnitude of force in the second 
model with constitutive modelling input results was much lower than the experimental 
values (Figure 7-5(b)). The maximum force predicted by the FE models were 8.53 and 7.09 
N for the FEA with experimental and constitutive input respectively. The RMSE for the first 
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and second models were 0.18 Mpa and 1.04 Mpa both of which indicate a good agreement 
between the experimental and modelling results. The error indicator factor for peel samples 
showed the maximum error of 18.5% for experimental based FEA while the error value for 
the constitutive based model was 29.8%. For the experimental based FEA the error value 
was higher at the first section of curve (under 2 seconds) however, in the constitutive based 
model the maximum error happened in two points before 2 seconds and after 4 seconds of 
loading.  
 
(a) 
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(b) 
 
 
(c) 
Figure ‎7-5: Results of FE model with experimental and constitutive input properties,  
and the error percentage for flesh samples under tensile loading. 
A comparison between peel samples showed that both predicted maximum load values for 
peel samples were higher than the experimental values whereas the predicted force value 
with FEA constitutive based for flesh was lower than the experimental value. From the error 
point of view however, maximum error for constitutive based FEA of peel samples was 30% 
while the maximum error for the experimental based FEA model of flesh sample was over 
35%, both of which happened in under 2 seconds of test. Overall, the experimental based FE 
model of flesh had a closer pattern in comparison with the experimental curve (see Figure 7-
5(a)).  
7.2.3. Development and Validation of Finite Element Model of Compression Test  
The FE model of compressive loading consisted of two parts, including the compression test 
of flesh and peel samples. The model was established for both samples applying the similar 
dimensions of specimen in experimental tests. The model was a cylindrical specimen with 
diameter of 40 mm and the height of 34.44 mm and 5 mm for flesh and peel samples 
respectively.  The material properties including density, stress versus strain curve and the 
plastic deformation detail of both materials were obtained from the experimental results. The 
Poisson’s ratio for fles  samples was calculated using the results of experiments as 
mentioned in the previous chapters, for the peel samples,  owever t e Poisson’s ratio 
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assumed to be 0.33 equal to the value calculated for unpeeled samples under uniaxial 
compression. The density of both materials was determined performing water displacement 
methods. The details of experimental tests and calculation have been presented in previous 
chapters. 
The results of experimental tests were used to develop stress versus strain curves for both 
samples (Figure 7-6). Bio-yield point was defined for the samples as a point where the 
compressive force value decreases or stays unchanged with the increase in deformation value 
and elastic modulus was defined as the slope of curve in that limit (see Table 7-5 for material 
properties of tissue). The details of the calculations have been presented in the previous 
chapters.  
 
Figure ‎7-6: Stress versus strain for peel and flesh samples obtained from experimental study under compressive 
loading. 
The boundary condition consisted of a fixed support at the bottom surface of the samples and 
a Prescribed_Motion_Set was applied on the top surface of the model. The motion was 
defined with the deformation time curve resulted from experimental study.  
Table ‎7-5: Material properties were defined for peel and flesh samples under compressive loading obtained from 
experimental study. 
Jap Variety 
of 
Pumpkin 
Material Density  
(ton/mm
3
) 
Elastic 
Modulus 
(Mpa) 
Bio-Yield 
Stress 
(Mpa) 
Poisson’s ratio 
Peel 0.903×10
-9 
2.59 2.18 0.33 
Flesh 0.934×10
-9 
4.19 1.39 0.434 
Bio-Yield Point 
Bio-Yield Point 
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Values of Poisson’s ratio were determined for t e samples performing the compression test 
and recording both axial and lateral displacements of unpeeled and flesh samples. The 
calculated value for the unpeeled sample was used for the peel material properties as it was 
not possible to record the lateral displacement of peel during testing, due to the low thickness 
of layer.  
7.2.3.1. Compression Model Using Piece-Wise Material Model 
Compression loading is one of the common types of external forces that agricultural and 
food material usually faces after harvesting stages. In this section the results of finite element 
modelling of a compression test on peel and flesh samples of pumpkin will be presented. The 
details of the model, geometry and boundary condition have been detailed in the previous 
chapter. The model has been developed for both peel and flesh cylindrical samples and the 
results have been compared with the experimental tests and constitutive modelling outcomes. 
The force versus time results have been presented in Figure7-7, the models with 
experimental results and the constitutive results had a similar result pattern for force versus 
time curve. The first curve (a) in Figure 7-7 shows the results of FE modelling test for peel 
samples. The input data was obtained from experimental results and included the density, 
elastic modulus, Bio-Yield stress and the effective plastic stress versus strain curve. 
Regarding the failure criterion, the effective stress and effective strain were required in order 
to consider the material behaviours after yielding happens where failure in materials is 
assumed to occur. As is clear from the curves, there was a good agreement between the 
experimental curve and FEA curve similar for the constitutive modelling results (Figure 7-
7(b)). Results of constitutive modelling for stress versus strain details were used as input data 
for the FE model. The force versus time curve resulted from FEA with constitutive model 
input has been compared with the experimental results in Figure ‎7-7 (b).  
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(a) 
 
(b) 
 
(c) 
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Figure ‎7-7: Force versus time curve resulted from FE model, and comparison with experimental and constitutive 
results for peel samples. 
The coefficients of constitutive model for peel and flesh samples under compression were as 
below: 
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 Equation ‎7-7 
In Equations 7-4 and 7-5 the stress (   (Mpa)) is calculated using the compression ratio ( ) 
values and the two coefficients of equations (= 4.7408 and = - 1.7136 for peel and = 
0.7618 and = - 1.8586 for flesh samples) have been determined using curve fitting methods. 
The details of these calculations have been presented in Chapter 5. The third curve in Figure 
7-8 represents error indicator for predicted values for force in comparison with experimental 
values for FEA with experimental and constitutive based material properties. As it has been 
shown, the errors had similar patterns during the loading however the FEA with 
experimental results input values were lower for the first 5 seconds. In the second part, after 
5 seconds the results of FEA with constitutive result input showed lower error values. 
Despite the difference between percentages of error during the model running time, both 
results had a similar pattern and the error values. For constitutive based FEA, maximum 
error percentage was 83% at the beginning of the curve; similarly the experimental based 
model had a high error value at the beginning of the curve however the error percentage was 
lower and about 51%. 
The results for the flesh samples with experimental input (FEA) and constitutive input 
(constitutive) also has been presented in Figure 7-8. The first figure (Figure 7-8(a)) shows 
the results of FE model with experimental results as input. The second curve was obtained 
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after solving the FE model with constitutive modelling results as input data. As it is clear 
there was a good agreement between experiment and both FEA and constitutive models.  
However the error curve illustrates a higher difference between FEA with experimental 
results in comparison with the constitutive model. The Root Mean Squared Error (RMSE) 
values for experimental based FEA and constitutive based FEA were 16.77 Mpa and 17.77 
Mpa respectively which was close, while the experimental based model had a better 
agreement with the empirical curve. The values for peel samples were 76.8 Mpa and 82.7 
Mpa for FEA and constitutive results respectively. These values show a better agreement 
between FEA and experimental results than the constitutive results for peel samples.    
 
(a) 
  
(b) 
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(c)  
 
 
(d) 
Figure ‎7-8: Force versus time curve resulted from FE model and comparison with experimental and constitutive 
results for flesh sample.  
(a) Results of FEA with experimental input, (b) results of FEA with constitutive input, (c) the error percentages 
for FE model with experimental and constitutive based input, (d) the FEA stress values. 
 
As is presented in Figure 7-8 (c), the error calculated for experimental based FE model is 
higher for the first 20 seconds of compression loading test, while the error percentages are 
lower after 20s. The error indicator had a peak for both peel and flesh samples in the first 2 
seconds of the test with 42% and 40% for experimental and constitutive based FEA 
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respectively, while the error value in peel results was much higher than the flesh. This high 
rate of error was due to the curve shape of force versus time diagram (see Figure 7-7(b)). For 
the results of FEA with constitutive based input however, the error values were lower 
(Figure 7-8(a)). This indicates the better accuracy of the model results with constitutive 
modelling stress versus strain curve as input data. This can be related to the original shape of 
experimental stress versus strain curve for flesh samples, while for the peel samples the 
difference was lower and the FEA results were closer to the experimental values. The FEA 
results also showed a stress distribution from the top to the bottom where the force is applied 
on top of the cylindrical samples (Figure 7-8(d)); the same pattern was observed for peel 
samples. This phenomenon was similar to what happened in experiments; damage was 
observed as crushed layer of tissue on the side of samples where load was applied was higher 
and the deformation was clear.    
Table ‎7-6: Comparison between FEA and constitutive modelling results and RMSE values. 
Compression 
RMSE 
Maximum Compressive Load 
(N) 
Peel Flesh Peel Flesh 
FEA 76.98 16.77 2088.81 1073.68 
Constitutive Model 82.74 17.77 2115.78 1167.69 
Experimental  - - 2026.658 1176.19 
 
The RMS Error for compression model was lower for flesh samples in both experimental 
and constitutive input cases (Table 7-6). Maximum predicted force values were higher than 
the experimental values for peel samples for both FE models, while the flesh results were 
both lower than the experimental values.  
7.2.4. Development of Finite Element Model of Mechanical Peeling  
A two layer model was developed applying material properties of peel and flesh for the 
layers. Material properties of peel and flesh samples of pumpkin were also determined 
performing experimental tests. Both uniaxial tensile and compression tests were performed 
and related properties of materials were determined. In order to establish the FE model of 
mechanical peeling of pumpkin tissue tensile properties were selected and applied for the 
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peel layer. The two layers were glued to each other using a specific type of contact 
(Tiebreak_Contact) as it mentioned in the details of Chapter 6; this contact type is used when 
two layers are naturally attached such as in the peeling process. Two main parameters 
needing to be defined for this contact type are Shear Failure Stress (SFLS) and Tensile 
Failure Stress (NFLS) in order to model the separation phenomenon of two layers. Using 
tensile properties of tissue was also a requirement for the contact modelling; for the SFLS 
parameter two values resulting from a prior study on tough skinned vegetables were used. 
Additionally, regarding the experimental test observations, it was considered that separation 
happening in the peeling process is comparable and similar to the tensile rupture that causes 
breakage in material structure (Truman, 1963). This assumption was made based on what 
was observed in the experimental and SEM imaging of different loading processes (the 
details presented in Chapters 3 and 4). Although other loading styles such as compressive 
loading are involved with the peeling process it was assumed that the peeling was mainly 
caused by the tensile rupture of material.  To capture the plastic response of material, the 
Piecewise_Linear_Plasticity material model was used for the peel layer where the stress 
concentration on this layer was one of the key interests of the author. For the flesh layer 
however, an elastic material model was used and the cutter was a rigid body with material 
properties of steel. The cutter also modelled as a sharp edge which was in contact with the 
flesh later, using an Automatic_Single_Surface contact type with flesh as slave material. For 
the contact modelling between peel and flesh layer it was assumed that the layers are in 
contact initially and there is no sliding between layers. As was mentioned earlier, 
Tiebreak_Surface_To_Surface contact with failure options of shear and tensile was used 
between peel and flesh layers. This selected contact type is usually used to model One-Way 
failure based on force only or Two-Way failure based on stress only. In Two-Way contact 
the penetration between slave and master bodies is checked twice, which makes the slave 
and master selection easier for user (Bala, 2006).  Tiebreak_Surface_To_Surface contact is 
usually used to model peeling, initially in contact layers, linear and nonlinear damage 
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modellings (Bala, 2007); the failure phenomenon is modelled for this contact type by 
considering normal or shear or both stresses where: 
 (
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 (
|  |
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   Equation ‎7-8 
In Equation 7-7, normal (  ) and shear stresses (  ) are divided by Normal FaiLure Stress 
(NFLS) and Shear FaiLure Stress (SFLS). The shear strength of tough skinned vegetables 
has been determined by Emadi between 0.51 to 2.42 Mpa; in the FE modelling of 
mechanical peeling both values were used in order to investigate the influence of shear factor 
on the deformation and stress concentration on tissues. The other parameter for the 
modelling of mechanical peeling process values of tensile failure were determined from 
experimental outputs, and the model was solved for tensile failure in peel (NFLS=1.5 Mpa) 
and the value of shear failure assumed to be 0.51 and 2.42 Mpa according to the reported 
shear strength value by Emadi (Emadi, 2005).  As there were only two faces of flesh and 
peel layers in contact, two segments were modelled on peel and flesh bodies and defined as 
slave and master in contact modelling.  
A Prescribed_Motion_Rigid was utilized to model the cutter movement toward the tissue. In 
order to investigate the effects of velocity on the mechanical behaviours of peel and flesh 
tissues, different values of speed were considered. The results of FE model with the 
experimental data for material properties have been shown in Figure 7-9. Emadi (Emadi, 
2005) has studied the effects of cutter speed on the level of removed pumpkin peel using 
different types of cutters. For milling cutter, a speed of 5-20 rpm has been reported in 
literature; in this study as the type of cutter is a simplified sharp edge, two speeds of 52.36-
209.44 mm/s were used to solve the model however it is also applicable to solve the FE 
model for other speeds of peeling. If the rotary speed of blade peeler was defined the value 
of linear speed can be calculated, having the average diameter of pumpkin as 25-30 cm (Burt, 
2005).  The effects of peeling speed was studied with peeling speed of 52 and 209 mm/s 
considered for the models and the results of effective plastic stress and strain recorded for 
each case.  The results of effective stress versus strain for failure of both flesh and peel 
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samples showed similar values for stress and energy consumption. The effective plastic 
stress values for two different speeds and two different SFLS values have been shown in 
Figure 7-9 and 7-10. 
 
(a) 
 
(b) 
Figure ‎7-9: Mechanical peeling model with the tensile failure stress of (a) 0.51Mpa and (b) 2.42 Mpa at the speed 
of 209 mm/s.  
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(a) 
 
(b) 
Figure ‎7-10:  Mechanical peeling model with the tensile failure stress of (a) 0.51Mpa and (b) 2.42 Mpa at the 
speed of 52 mm/s. 
 
The effects of shear failure stress and peeling speeds were investigated in order to analyse 
the magnitude of deformation on both flesh and peel tissues. The main aim of this 
investigation was to collect information on how a cutter could create a higher volume of 
damage on tissue with different speeds. Additionally the shear value affects the values of 
stress and strain so in future more experimentation can be done on investigation of various 
parameters (such as variety, moisture content, ripening age, and storage life) changing the 
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values of tensile and shear stresses. Effective stress versus strain values for the peel layer 
were determined as presented in Figure 7-10; the maximum values of stress happened at 52 
mm/s for the shear failure stress of 0.51 Mpa while for the second case at the SFLS value of 
2.42 Mpa the maximum stress was recorded for 209 mm/s. For the higher rate of shear 
failure maximum stress value was slightly higher, the values of maximum effective stress 
and strain have been listed in Table 7-7. 
Table ‎7-7: Maximum stress, strain and energy values obtained from FE model. 
Shear 
FaiLure 
Stress 
(SFLS) 
Speed  
(mm/s) 
Maximum Stress 
(Mpa) 
Maximum 
Strain 
Maximum 
Stress on Flesh 
(Mpa) 
Energy 
Requirement 
(N.mm) 
0.51 
52 0.97 0.071 0.798 
3.36 
209 0.65 0.076 0.442 
2.42 
52 0.62 0.077 1.904 
5.76 
209 1.09 0.073 1.721 
 
The values of stress happening on flesh tissue were also determined for the flesh elements 
under the cutter. The stress versus time curve has been shown in Figure 7-12.   
On flesh tissue, the maximum stress was required under lower speed and higher shear failure 
stress which indicates the difficulty of separating two layers with higher shear failure 
strength when the cutter has the lower speed.  The results of higher speed with higher shear 
failure stress was close to the value for the same shear failure under slower speed, which 
shows the stranger effect of shear failure value in comparison with the speed of cutter. The 
energy required for peeling process was also determined (Table 7-7) from FE results which 
showed a higher energy requirement for higher speed of cutter. 
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(a) 
 
(b) 
Figure ‎7-11: Effective Plastic Stress versus Strain values for model solved in different peeling speed (a) SFLS of 
0.51 Mpa and (b) SFLS of 2.42 Mpa. 
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(a)
 
(b) 
Figure ‎7-12: Stress versus time curves for flesh layer for SFLS values of 0.51 Mpa (a) and 2.42 Mpa (b) and 
speed of 52 and 209 mm/s. 
For both cases of FE results, a higher rate of stress happened on flesh tissue for 52 mm/s 
peeling rate, where the maximum stress value was 1.9 Mpa (Figure 7-13). This indicates the 
effects of speed on stress magnitude; the lower the speed, the higher stress value will occur 
and higher stress value means the force required to create that deformation needs to be 
higher. It is possible to also discuss the damage rate that can happen to the material under 
larger loads required; in agricultural materials in particular the other factors such as moisture 
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content and time dependency of material behaviours could cause a higher volume of loss 
than what is predicted from FE modelling. Noticeably, the stress value for shear failure stress 
of 2.42 Mpa was relatively higher than the values with SFLS value of 0.51 Mpa. In the other 
word the slower the peeling process, the higher magnitude of stress happens on the flesh 
tissue. 
The stress distribution and values of peel and flesh samples were studies comparing the 
stress values on flesh and peel elements; as is shown in Figure 7-15 the stress value for peel 
element was lower than the flesh under SFLS of 2.42 Mpa at 209 mm/s.  
 
 
Figure ‎7-13: Effective stress values for first peel and flesh element to be separated with SFLS of 2.42 Mpa at 209 
mm/s. 
 
As is presented in Figure 7-14 and 7-15, the stress values have changed with different Shear 
Failure Stress (SFLS) values. Regarding the mechanics of cutting, the stress applied to peel 
off the tissue is high as the cross sectional area is small due to the sharpness of the cutter. 
The peeling happens as a combination of shear and tensile while the sharp edge moves 
toward the tissue (Niedzwiecki, 2012). 
221 
 
 
Figure ‎7-14: Effective stress values for first peel and flesh elements to be separated with SFLS of 0.51 Mpa 
at 209 mm/s. 
The local stresses increase progressively and material does not have any movement due to 
the displacement applied and the element failure happens when the stress applied reaches the 
value higher than the tensile and shears strength of peel and flesh contact. As a result with 
the lower shear strength of 0.51 Mpa, the required stress values for separating peel and flesh 
layer is lower than the other case.  
 
(a) 
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(b) 
Figure ‎7-15: Effective Stress values for flesh and peel elements at 52mm/s for SFLS of 0.51 Mpa (a) and 2.42 
Mpa (b). 
The comparison between FEA results in different shear failure values shows a difference 
between the stress values of flesh and peel elements under different shear strength. For shear 
failure stress of 2.42 Mpa, the stress values of the flesh element was higher for both peeling 
speeds while under SFLS of 0.51 Mpa the recorded stress in peel element was higher (Figure 
7-16). Noticeably, the stress value for flesh samples under peeling speed of 52 mm/s and 
SFLS of 2.42 Mpa had the highest value of stress on elements. Investigation of the 
relationship between speed and tissue deformation showed that the increase in speed directly 
decreases the tissue resistance to the deformation and failure (Chanthasopeephan, Desai, & 
Lau, 2004). This was observed in the results of FE modelling when the stress value required 
for failure in flesh and peel elements at speed of 52 mm/s were relatively higher than the 
values observed at the speed of 209 mm/s. The distribution and the magnitude of stress 
imposed on flesh layers during peeling and cutting can be a source of degradation and 
bruising on the tissue, which clearly can cause quality loss in food production lines 
(Hernandez & Belles, 2005; Holt & Schoorl, 1977; Sadrnia, et al., 2008). More investigation 
needs to be done on how peeler movement can cause damage on flesh tissue in order to 
validate the results of stress values on bottom tissues in the current model.  
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Although there are not enough studies on cutting and peeling properties of agricultural crop 
materials, there have been reports of failure and rupturing stress values for agricultural 
tissues. The values reported for failure stress under compression of red flesh and white rind 
of watermelon is 0.022-0.045 Mpa and 0.19-0.34 Mpa respectively (Sadrnia, et al., 2008). 
Meanwhile the fracture failure stresses for sunflower seed were determined as 0.08-0.34 for 
thickness of 100m and 0.32-0.6 for thickness of 300m (Hernandez & Belles, 2005). The 
values for rupture failure energy have been reported for tomato as 1.58 J and 0.84 J at the 
first and third stages of ripening (Mohammadi-Aylar, Jamaati-e-Somarin, & Azimi, 2010); 
the required energy values for mechanical peeling of pumpkin recorded from the FE model 
were 3.36 N.mm for SFLS of 0.51 Mpa and 5.76 N.mm for SELS of 2.42 Mpa both at speed 
of 209 mm/s.  
7.3. Discussion  
Computational and mathematical modelling approaches are becoming popular among 
researchers, equipment designers and process engineers, who apply these methods to 
investigate the process behaviours of materials under different operations.  Although 
applying these new methods in agricultural and food engineering fields has been started later 
than in the other engineering fields, there is a high potential of utilizing these methods to 
increase the productivity and efficiency of post harvesting and processing activities. The 
other benefit of using numerical modelling methods in enhancing the agricultural and food 
industry is to reduce the amount of time and cost required for experimental studies. These 
models can be used to investigate the response of food material under different industrial 
processes such as mechanical, thermal and chemical, and will lead to a decrease in food 
waste during and after harvesting as well as processing stages. The other notable aspect of 
applying computational modelling methods is that most of the food texture and quality-
related experimental tests on food products are destructive methods, so any improvement in 
application of mathematical and computational modelling in the food industry can be a help 
in reducing these losses. The work presented in this thesis has focused on the mechanical 
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behaviours of pumpkin tissue under different loading such as indentation, compression, 
tensile and peeling.  
The results of experimental tests showed that the types of loading can influence level of food 
loss on material; for example the damage on tissue under compression affected the whole 
tissue while the indentation damage was limited to the contact area. Flat end indenter also 
created a higher rate of deformation than the spherical end indenter, and SEM imaging also 
showed the ruptured and torn cells around the flat indenter edges. The sharp edge of the flat 
end indenter in comparison with the curved shape of edges in spherical end indenter could be 
a reason why the damage caused by the flat indenter was higher. These outcomes can be 
useful in design of agricultural equipment in order to reduce the possible damage rate on 
agricultural tissues. Analysing the response of peel, flesh and unpeeled samples indicated the 
differences between the susceptibility of different sections of pumpkin tissues to the loading. 
For instance the firmness and toughness values illustrated a higher resistance of unpeeled 
samples under loading than the flesh separately, which can be considered in storage of 
agricultural crops and production of fresh cut and ready to use fruits and vegetables. 
However, it is still required to investigate the role of moisture content of tissue on the 
response to the loading.  
As is mentioned before, performing experimental studies is one of the common methods in 
investigating food and agricultural materials’ properties. However, efforts  ave been made to 
use mathematical equations and constitutive theories to predict these behaviours alternatively. 
In this study an exponential constitutive model was selected and validated for peel and flesh 
tissues of pumpkin under uniaxial tensile and compression tests.  The model was previously 
used for other food products under large deformation condition.  The results of experiments 
were utilised to fit the best possible curve to the constitutive equation and the coefficients of 
the constitutive law were determined for peel and flesh tissues. The percentage of error and 
Root Mean Square Error (RMSE) were determined for each data fitting process. The model 
showed a good agreement with the experimental outcomes; subsequently both experimental 
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and constitutive modelling results were used to develop FE models of tensile and 
compression tests.   
FE methods of tensile and compression models were developed and validated with the 
experimental test results. Application of FE modelling in food processing have become 
accepted in food processing and post harvesting studies however this study was one of the 
few studies which considered the materials’ behaviours as plastic and nonlinear under 
loading. These modelling results were used to choose and develop a material model which 
has been used in FE modelling of the mechanical peeling process.  
7.4. Summary  
FEA models of tensile and compression loading were developed for peel and flesh samples 
of pumpkin. The tensile model was solved for elastic linear material properties which 
showed a good agreement with experimental values however the RMSE value for predicted 
stress on flesh samples was lower (0.39 Mpa) than the peel result (1.06 Mpa). From the error 
percentage curve also the maximum error for peel was over 31% while the maximum value 
for flesh was lower and about 16%. The tensile model was then solved with 
Piecewise_Linear_Plastic material model for experimental and constitutive based material 
properties separately. The RMSE value calculated for stress values for experimental based 
FEA for peel was 1.36 Mpa while the value for the constitutive based model was much lower 
0.44 Mpa, which could be related to the curve shape of stress versus strain results for peel. In 
the case of flesh samples RMSE for experimental based FEA and constructive based FEA 
were 0.18 Mpa and 1.04 Mpa. Highest error percentages happened for the tensile model with 
experimental based FEA for flesh samples which was 0.35%, while the maximum error for 
peel samples occurs for constitutive based FE model with 29.8% error. FE model of 
compression loading showed a higher magnitude of error in comparison with tensile tests, 
where constitutive based FEA and experimental based FEA of peel samples had nearly 83% 
and 51 % errors respectively. The compression model for flesh samples overall showed 
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lower rate of error with maximum error of over 42% for experimental based FEA and 40% 
for constitutive based FEA.  
Afterward, a FE model of mechanical peeling process was developed using the results of the 
tensile model with elastic and plastic material properties for flesh and peel layers. The stress 
distribution and the impact of peeling speed were studied.  The FEA results were also 
compared with the available data in literature, although there were not similar studies on 
pumpkin tissue, however, the results of prior works on other agricultural materials were 
compared and discussed. The effects of speed and shear failure stress values were studied in 
the FE modelling of mechanical peeling process. Two values for shear failure stress were 
defined using prior work on tough skinned vegetables. The results showed that maximum 
stress on flesh tissue happened under higher value of shear failure stress and lower speed of 
peeling. 
  
227 
 
Chapter 8 : CONCLUSION AND FUTURE WORK 
 
Enhancements in the efficiency of food supply chain will reduce cost and increase access to 
the food products. Although the influential parameters increasing the rate of food loss vary in 
industrialised and developing countries, reducing food waste can effectively advance 
affordability and accessibility of food products. Post-harvesting and processing waste causes 
a considerable loss and conditional properties of crops directly affects volume of food loss. 
There are various types of operations that food and agricultural tissues undergo after 
harvesting to the customer level. Knowledge of food tissue properties and responses during 
and after these operations assists researchers, equipment designers and engineers to develop 
and optimise the current and future food technologies. In the work presented in this thesis, 
the application of constitutive and Finite Element Analysis methods were investigated by 
developing models of material behaviours under loading. For modelling purposes, a series of 
physical and mechanical tests were performed and the required properties of materials were 
determined. These properties were used to develop and validate a constitutive model of 
tensile and compression loading of pumpkin peel and flesh. The outcomes of experimental 
and constitutive modelling were then used for development and validation of FE models of 
tensile, compression and mechanical peeling of pumpkin. The outcomes of conducted 
methods have been presented in this chapter and a list of possible future directions has been 
introduced.  
8.1.  Summary of Main Findings 
In this thesis, experimental and computational methods were applied to investigate tissue 
damage during mechanical peeling of pumpkin as a tough skinned vegetable. The 
experimental work included indentation, compression and tensile, water displacement, 
moisture content tests which were performed to determine physical and mechanical 
properties of peel, and flesh tissues of pumpkin. Accordingly, density, Elastic modulus, 
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Poisson’s ratio, Bio-Yield stress and strain, firmness and toughness of the samples were 
calculated and presented. To analyse the changes on tissues structure after loading, Scanning 
Electron Microscopy (SEM) system was used for samples under three loading types. These 
experimental results were then used to develop a constitutive model which represents the 
tensile and compressive behaviours of peel and flesh tissues. The constitutive equation and 
coefficients were determined, applying curve fitting methods for experimental values. 
Afterward a Finite Element Analysis method was used to develop numerical models of 
tensile, compression and mechanical peeling of pumpkin. Firstly two models were developed 
and validated using experimental data, while the FE model of peeling was developed using 
results of experiments and constitutive models and compared with available data in literature. 
This thesis contributes to the existing body of knowledge in several principle aspects. Firstly, 
different methods of investigating properties of food and agricultural materials were applied 
to investigate mechanical and physical response of pumpkin tissues. Additionally, the peel 
and flesh layers of pumpkin were considered as separate material with different response to 
the loading. Experimental works were developed and performed in order to collect required 
information for the constitutive and FE modellings. Secondly, the deformation and changes 
happened on peel and flesh tissue structure before and after loading was investigated using 
the Scanning Electron Microscopy system. However, there were some unclear results in the 
case of tensile loading so further suggestions were made for future research and work. 
Thirdly, a constitutive equation was fitted to the results of experimental tests. The values of 
constitutive coefficients were determined for peel and flesh under uniaxial tensile and 
compression. Yet future work needs to be done to fit this constitutive model for other tough 
skinned vegetables in order to investigate the possibility of predicting a range for the 
constitutive coefficients values. Fourthly, a FE modelling approach was applied and models 
of tensile, compression and mechanical peeling process were developed. The models were 
then solved and validated with experimental results. For the mechanical peeling model 
however, no experimental data were obtained in this study however the results were 
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validated with existing reported values from literature. Future works were suggested in the 
case of modelling cutting and peeling process of agricultural and food materials.  
The outcomes of the research presented in this thesis underlines that the constitutive and 
numerical methods are two applicable approaches in studying the behaviours of food 
materials and can be used as an alternative method for the common experimental processes.  
The major findings of this study are as below: 
-  Poisson’s ratio of fles  and unpeeled samples of pumpkin was determined using laser 
measurement sensors under compressive loadings. The values were 0.434 and 0.33 for 
flesh and unpeeled samples respectively. For peel samples however, further future work 
has been suggested.  
- Failure stress of flesh and peel samples under compressive and tensile loading were 
determined in order to apply in material properties used in FE model. The stress value 
for flesh and peel samples were 1.16 Mpa and 1.63 Mpa under compressive and 1.67 
Mpa and 2.91 Mpa under tensile loadings correspondingly.  
- Regarding the smaller surface in contact, the values of failure stress for indentation tests 
were higher than the compression and tensile stresses. For flat end indenter the values of 
stress for flesh and peel were 8.4 Mpa and 9.8 Mpa while for spherical end indenter the 
values were 4.23 Mpa and 6.43 Mpa for flesh and peel respectively.  
- Apparent density of whole pumpkin was determined as 982 kg.m-3 while the material 
density of flesh and peel pieces were 934 kg.m
-3
 and 903 kg.m
-3
 respectively.  
- Structural changes of pumpkin tissue before and after loading were investigated using 
SEM method. The SEM images showed breakage on tissue structure near the indenter 
tip in the case of flat end indentation in comparison with compression and spherical end 
indenter.  
- A constitutive equation was selected and used for predicting mechanical responses of 
flesh and peel samples of pumpkin to the loading.  
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- Stress (   ) versus deformation ratio (  ) equation for tensile loading of peel (Equation 
8-1) and flesh (Equation 8-2) samples resulted from curve fitting using experimental 
data was: 
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-  Stress (   ) versus deformation ratio (  ) equation for compression loading of peel 
(Equation 8-3) and flesh (Equation 8-4) samples resulted from curve fitting using 
experimental data was: 
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- FE models of compressive and tensile loading were developed. The outcomes of 
modelling were compared with the experimental data and the values of Root Mean 
Square Error were determined for each model. The RMS Error for flesh and peel 
samples under tensile loading was 0.18 Mpa and 1.36 Mpa respectively, while the RMS 
Error values for compressive loading was 16.77 Mpa and 17.77 Mpa experimental 
based and constitutive based FE models of flesh samples correspondingly. These values 
for peel samples were much higher with RMS Error values of 76 Mpa and 82 Mpa for 
experimental based and constitutive based FE models.  
- The maximum tensile load predicted by FE model was 21.19 N for peel and 8.35 N for 
flesh sample while the experimental values were 20.14 N and 8.39 N respectively.  
- FE model of mechanical peeling process was developed for two different shear failure 
stresses (SFLS) including 0.51 Mpa and 2.42 Mpa under two peeling speeds (52 and 
209 mm/s). The maximum stress recorded on peel layer was 1.09 Mpa for SFLS of 242 
Mpa at the speed of 209 mm/s. Maximum stress recorded on flesh tissue was 1.904 Mpa 
for SFLS of 2.42 Mpa at the speed of 52 mm/s.  
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- The energy consumed for the mechanical peeling model was higher in the case of shear 
failure stress of 2.42 Mpa.   
8.2. Implication of Research  
The achievement of the research presented in this thesis emphasises the following major 
concepts, which address the proposed objectives.  
- Objectives one and two: First, the empirical tests have been established for peel and 
flesh tissues of pumpkin with the focus on each with different material properties 
due to different cellular arrangements and moisture contents. Both physical and 
mechanical properties were determined in order to classify tissues behaviours under 
loading and the calculation were used in constitutive and FE modelling. Poisson’s 
ratio for flesh and unpeeled samples were determined and suggestions for calculation 
peel Poisson’s ratio tests were also presented in the recommendation section later in 
this chapter. The pumpkin tissue response to different loading types was investigated 
by performing indentation, compression and tensile loading tests. The properties of 
flesh and peel tissues were computed and compared under each of these loading 
operations. The Scanning Electron Microscopy (SEM) method was also used to 
capture structural changes of flesh and peel samples under loadings. The comparison 
between damages on tissue after each loading operation was made using properties 
of tissues as well as SEM imaging results. This approach can be used in optimisation 
processes in order to reduce the deformation and unwanted damages on agricultural 
crops tissue. Further recommendations have been made for future work.  
- Objective three: The results of mechanical and physical properties of pumpkin as a 
model species were used to select an appropriate material model for peel and flesh 
where the model could exhibit the response of loading on tissue. Following the 
material modelling outcomes, Piecewise Linear Plasticity and Elastic material 
models were used in FE models. 
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- Objective four: In the second part of this thesis, the outcomes encompass 
constitutive modelling of pumpkin flesh and peel tissues under tensile and 
compressive loadings. Applying mathematical equations and theories to model 
mechanical behaviours of agricultural materials have been investigated previously. 
However, due to the unique response of each family and verity of agricultural 
materials to the loading, it is required to analyse the behaviour of them separately. 
The majority of prior works focused on small deformation rates and were due to the 
moisture content and the softness of these materials as they behave viscoelastically. 
While the actual responses of these materials are plastic and permanent deformation, 
they usually are made on tissue under a low rate of applied load. In this study after a 
thorough literature review, the main effort was on selecting a constitutive equation 
which represents the plastic response of tissue. As a result, a previously used 
equation was chosen from literature, this equation was an exponential relationship 
defining stress value based on deformation ratio. The mentioned equation had two 
constitutive constants which needed to be defined for different material properties. 
Curve fitting method was applied using experimental values to determine 
constitutive coefficients for pumpkin flesh and peel tissues. The values were 
determined and interestingly the constitutive law showed very close results to the 
actual experimental curves for both cases. The individual differences between 
predicted values by constitutive equation and experimental values were determined 
as error values. Additionally Root Mean Square (RMS) Error for each curve fitting 
process was calculated and presented. Although the outcomes of constitutive 
modelling illustrated a good agreement with experimental data however a list of 
future suggested works in this area has been presented in the following sub section. 
The constitutive modelling results were also used for FE modelling as input stress 
versus strain curve and the outcomes were compared. 
- Objective five: In the third segment of this work, finite element analysis was applied 
in order to develop computational models of tensile, compression and mechanical 
233 
 
peeling processes. A systematic approach was used to establish essential parameters 
for FE modelling including experimental testing and material properties 
determination in combination with constitutive modelling of material response under 
loading. As the majority of previous works on agricultural and food materials 
developed FE models using linear elastic material behaviours for tissues, a model of 
tensile testing was first developed using linear elastic material type. The outcomes 
were then compared with experimental work in this study as well as available data 
on literature.  In the next stage of FE modelling, models of tensile and compression 
loading on peel and flesh samples of pumpkin were developed considering plastic 
response of material under loading. In this stage FE models were developed first 
with experimental stress versus strain data and secondly with stress versus strain 
data obtained from the constitutive equation. The outcomes were compared with 
experimental results and error and RMSE values were compared.  
- Objective six: After completing this stage, the material model was developed for 
peel and flesh tissue and was used to create a FE model of mechanical peeling stage. 
The focus was to determine the deformation and stress distribution on peel tissue as 
a result of cutting and peeling forces. For this purpose the plastic properties of peel 
under tensile loading and elastic response of flesh under tensile loading were used.  
The outcomes were processed and presented however, there was no similar study 
applying plastic behaviours of material under mechanical peeling or cutting stage, so 
the outcomes of modelling process were compared with available data on pumpkin 
and other agricultural materials. This study was one of the few studies applying FE 
modelling method on post-harvesting and food processing operations and the first 
effort to model mechanical peeling of pumpkin. There have been various aspects that 
can be considered in the future of studying optimisation and material loss in the food 
processing industry. Moreover, the outcomes of this study as a systematic solution 
can be applied for different operational procedures during harvesting, post-
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harvesting and in processing stages, where the loss of material is affecting the total 
efficiency of the processing industry.  
After underpinning the key findings and contribution of work presented in this thesis, in the 
following section a detailed list of suggestions for future research will be presented. 
8.3.  Application of Research 
This research has introduced the combination of constitutive and FE modelling methods as a 
cost effective analytical approach in the evaluation and design projects of pots-harvesting 
and food industry. The mentioned methodology is applicable in optimising production and 
processing lines of food industry in order to reduce as high as 56% food loss in developed 
countries such as North America, Oceania, Europe and industrialized Asian nations (Lipinski 
et al., 2013). Although FAO has reported the rate of global food waste, there is not sufficient 
data on volume of post harvesting loss in Australia while food industry has an important role 
in Australian economy. However there are individual case studies on some of the agricultural 
crops such as apple, banana, carrot and potato in Australia and there is a potential research 
and development in post harvesting and processing research field where the current volume 
of wastage can be addressed.  
The innovative mechanical peeling model developed in this thesis was the first model 
developed to describe the interaction between peeler edge as a rigid body and vegetable 
tissue as a soft geometry. The experimental process of complex operations such as peeling 
stage is a costly method with difficulty of recording applied force and capturing the volume 
of deformed tissue. FE models however is a cost effective approach which provide the 
details of deformation, stress and stress happening on tissues for different material properties. 
The use of FE and constitutive models of tough skinned vegetables is not limit to the peeling 
stage and it is adaptable to wide range of material properties for other food particles.  
The developed model of tensile and compressive loadings is also a novel approach in 
analysing behaviours of food particles under mechanical loading. And these models can be 
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adapted for other material properties of food tissues and for analysing various mechanical 
loading processes such as cutting, drop test, collision, hulling, cracking the shell, and etc. 
This modelling outcomes will be applicable for other crucial crops in global food diet such 
as potato. Where fresh potato production was 513,774 tonnes produced in 2011 in Australia 
(Ausveg, 2012) equal to $625 million (1,288,186 tonnes) production in 2011-12 this value 
for pumpkin was $71.3 million (102,934 tonnes) (AusVeg, 2013). It is worthwhile to 
mention the amount of loss in potato production which is stated by Victorian Farmers 
Federation equal to 49% loss due to mechanical damage on crop (Jobling, 2000). 
Additionally, according ABC Environment report in June 2013, $158 billion is spent on food 
in Australia while 20% of this food is wasted and it is much higher for softer crops for 
instance up to half of the produced banana in Australia is thrown away reported by ABC 
2013 (Saggin, 2013).  
The key to successful design of post harvesting technologies is a good understanding of food 
particle response under loadings. Experimental tests were performed to determine the 
physical and mechanical properties of tough skinned vegetables. In the process of developing 
constitutive and FE models, it is necessary that material properties which are used represent 
t e actual be aviours of tissue. As a result, material properties suc  as Poisson’s ratio, stress 
and strain at the failure point and the material density of peel and flesh samples were 
determined for the first time. The use of accurate material formulation with the capability to 
display the real material response is an essential factor in developing constitutive and FE 
models. In combination with the methodology, the approach used in this study can be 
applied for other varieties of crops and food tissues in order to analyse their response under 
processing operations. 
In addition, this research introduced a framework for developing FE and constitutive models 
of food materials and constitutive models of food materials. Future optimisation and design 
projects can take advantage of models developed in this research and apply them to reduce 
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the cost of design and evaluation and expedite the process of optimisation of current 
technologies. The work has successfully presented a numerical model of pumpkin tissue as a 
tough skinned vegetable by using experimental, constitutive and FE modelling methods 
which provides the insight on behaviours of tough skinned vegetables materials under 
various mechanical loading operations. The achieved objectives in this study is a positive 
step toward reducing mechanical damage on tough skinned vegetables which directly affects 
the industrial scale export of these material specifically the pumpkin export to Japan and 
New Zealand (Burt, 2005).  
8.4. Limitation of This Study and Recommendation for Future 
Work 
The work presented in this study has proven the capability of constitutive and FE modelling 
methods to investigate mechanical response of food and agricultural materials. The results 
that have been presented in this study have answered research questions and proposed 
objectives have been determined. Although the research presented in this thesis has fulfilled 
its aims, there were some limitations. Firstly there was the time limitation, which restricted 
the types of conducted mechanical loading tests. Additionally, the experimentation was 
focused on just one variety of pumpkin which was sufficient for this study, however in the 
future more investigations can be done. Furthermore, the FE model of mechanical peeling 
was validated using available data in literature while it was not possible to perform 
mechanical peeling experiments due to limits in time and available equipment. Due to the 
mentioned limitations, the FE model of mechanical peeling process was compared with data 
available in literature and a validation process was not performed. However, considering the 
importance of the food production industry and growing demands for food products globally, 
there are many potential areas to focus on in future research of the post harvesting and food 
processing industry as optimisation and design for technological enhancement. Since this 
thesis applied experimental and FE methods, and regarding the limitations mentioned, the 
suggestions for future work have been listed for all these three methods.  
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- Study of physical and mechanical properties of other varieties of pumpkin as well as 
other members of tough skinned vegetables.  
Investigation on how indenter tip can cause deformation on tissue, in this study flat 
and spherical end indenters were used however, there are different shapes and 
surfaces that can apply load on agricultural tissues during processing stages.  
Study the maturity and ripening on the mechanical response of pumpkin tissue, 
which can indicate the shelf and storage life of products. 
Study of peel and flesh tissues under loading in different water content in order to 
capture the changes that might occur with the changes of moisture in tissue. 
Study the lateral displacement of peel tissue using novel approaches such as loading 
a composite tissue made of layers of peel tissue as well as using tensile testing to 
measure lateral displacement of peel tissue.  
Using SEM imaging for tensile tests, because of the small size of samples it was not 
studied in the presented work. However in future, more precise and accurate cameras 
can be used to capture the cellular changes of tissue. As well as analysing if the 
direction of loading can affect the damage volume on the cellular structure of tissue. 
Performing empirical tests on other members of tough skinned vegetables in order to 
collect a classified set of data which can be used in future design and optimisation 
processes as well as development and validation of FE models. 
- Develop and validate the presented constitutive model for other members of tough 
skinned vegetables as well as other agricultural materials. This will provide enough 
data to be able to study the possible values of constitutive parameters and the 
possibility of predicting them for other tissues.  
Investigate other constitutive laws for pumpkin tissue and compare with results of 
this study.  
Determine the values of constitutive coefficients for other varieties of pumpkin.  
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Investigating the possibility of determining these parameters for a wider range of 
materials (such as other members of tough skinned vegetables) where a standard 
interval for each type of material can be introduced.  
Develop constitutive equation for cutting and peeling process of tissue. 
Examine the constitutive model for pumpkin tissue under different moisture content 
and at different maturation age.  
Investigate the possibility of developing constitutive models for more than one 
dimensional loading. 
- Apply the same procedure to study efficiency, material loss and damage on different 
tissues and operations such as hulling, cracking, handling, packaging and etc.  
Development of FE models of indentation test using different indenter tip, in order to 
investigate how shape and size of indenter can affect rate of damage on tissue. 
Study the effects of peel thickness on values of stress and deformation occurring on 
tissue. This can be studied in a modelling peeling process of different agricultural 
crop with different peel thickness. 
Study the shape and angle of peeler on the rate of stress developed on tissue.  
In this study the effects of friction and temperature were ignored however further 
study can be conducted on how these two parameters can influence the tissue. 
Development of 3D models of peeling and cutting stage with more specific cutter 
and peeler type.  
 
 
  
239 
 
REFERENCES 
 
. Agriculture Commodities, Australia, 2008-09. (2010).  Canberra: www.abs.gov.au 
Retrieved from http://www.abs.gov.au/ausstats/abs@.nsf/mf/7121.0. 
Akpinar, E., Midilli, A., & Bicer, Y. (2003). Experimental investigation of drying 
behaviour and conditions of pumpkin slices via a cyclone‐type dryer. Journal 
of the Science of Food and Agriculture, 83(14), 1480-1486.  
Alamar, M. C., Vanstreels, E., Oey, M. L., Molto, E., & Nicolar, B. M. (2008). 
Micormechanical Behavior of Apple Tissue in Tensile and Compression Test: 
Storage Conditions and Cultivar Effect. Journal of Food Engineering, 86(3), 
324-333.  
Albanese, T. C. (1987). United States Patent No. Google Patents. 
Aregawi, W. A., Defraeye, T., Verboven, P., De Roeck, G., & Nicolai, B. (2012). 
Nonlinear viscoelastic properties of apple tissue from experimental 
measurement and constitutive modeling. http://www.ageng2012.org-
www.ageng2012.org/images/fotosg/tabla_137_C1357.pdf 
ASAE. (1972). Moisture Measurement- Meat and Meat Products: American Society 
of Agricultural and Biological Engineering. 
ASAE. (2007). Moisture Relationship of Plant-based Agricultural Products (pp. 16). 
ASAE Standards 1999: American Society of Agricultural and Biological 
Engineers. 
ASAE. (2008). Moisture Measurement- Unground Grain and Seeds: ASABE 
Standards 2006. 
ASTM. (2004). Standard Test Method for Poisson's Ratio at Room Temperature (Vol. 
ASTM E132-04). 
The Australian Almond Industry. (2008). from Almond Brand of Australia Inc. 
http://australianalmonds.com.au/documents/Industry%20Booklet%20nov08%
20lr.pdf 
Ausveg. (2012, June 2012). Australian Fresh Potato Industry Strategic Investment 
Plan 2012-2017. Retrieved from 
http://ausveg.com.au/rnd/Fresh%20Potato%20SIP%20Final.pdf 
AusVeg. (2013). Value of Vegetable production. from Horticulture Australia 
http://ausveg.com.au/resources/statistics/domestic-industry/production-
value.htm 
Bala, S. (2006). One-Way and Two-Way Contact Definitions from d3View 
http://blog2.d3view.com/one-way-and-two-way-contact-definitions/ 
Bala, S. (2007). Tiebreak Contact in LA-Dyna. from d3View 
http://blog2.d3view.com/tiebreak-contact-in-ls-dyna/ 
Bargel, H., & Neinhuis, C. (2005). Tomato (Lycopersicon esculentum Mill.) fruit 
growth and ripening as related to the biomechanical properties of fruit skin 
and isolated cuticle. Journal of experimental botany, 56(413), 1049-1060.  
240 
 
Barreiro, J., Caraballo, V., & Sandoval, A. (1995). Mathematical model for the 
chemical peeling of spherical foods. Journal of Food Engineering, 25(4), 
483-496.  
Barreiro, J., Sandoval, A., Rivas, D., & Rinaldi, R. (2007). Application of a 
mathematical model for chemical peeling of peaches (Prunus persica l.) 
variety Amarillo Jarillo. LWT-Food Science and Technology, 40(4), 574-578.  
Barta, J., Cano, M. P., Gusek, T., Sidha, J. S., & Sidha, N. (2006). Handbook of 
Fruits and Fruits Processing. Iowa: Blackwell Publishing Ltd. 
Blahovec, J. (2007). Role of water content in food and product texture. International 
Agrophysics, 21(3), 209.  
Bourne, M. (2002). Food Texture and Viscosity- Concepts and Measurement. New 
York: Academic Press. 
Brocklehurst, C. J. (1993). Finite Element Studies of Reinforced and Unreinforced 
Two-Layer Soe System. Doctor of Philosophy. Retrieved from 
http://www.eng.ox.ac.uk/civil/publications/theses/Brocklehurstpart1.pdf   
Burt, J. (2005). Growing Pumpkin in Western Australia. (No. 35/2002). Department 
of Agriculture Western Australia Retrieved from 
http://archive.agric.wa.gov.au/objtwr/imported_assets/content/hort/veg/cp/cu
curbit/fn035_2002.pdf. 
Burubai, W., Amula, E., Davies, R., Etekpe, G., & Daworiye, S. (2008). 
Determination of Poisson's ratio and elastic modulus of African nutmeg 
(Monodora myristica). International Agrophysics, 22(2), 99.  
Cailliot, S. (1988). France Patent No. 
Calzada, J., & Peleg, M. (1978). Mechanical interrelation of compressive stress strain 
relationship of solid foods. Journal of Food Science, 43(4), 1087-1092.  
Chandrasekaran, V. V. (2011). Finite Element Simulation of Orthogonal Metal 
Cutting using LS Dyna. Auburn University.    
Chanthasopeephan, T., Desai, J. P., & Lau, A. C. (2004). Study of soft tissue cutting 
forces and cutting speeds. Studies in health technology and informatics, 56-
62.  
Churchill, D., Sumner, H., & Whitney, J. (1980). Peel strength properties of three 
orange varieties. Trans. Amer. Soc. Agr. Engin, 23, 173-176.  
Coburn, J., & Pandit, A. (2007). Development of naturally-derived biomaterials and 
optimization of their biomechanical properties. Topics in Tissue Engineering, 
3, 1-14.  
Cook, R. D. (2007). Concepts and applications of finite element (four ed.). New 
York: John Wiley & Sons. 
Corporation, F. T. (2012). Food Test Methods, from 
http://www.foodtechcorp.com/food-tension-testing.html 
Cutler, J., Rains, D., & Loomis, R. (1977). The importance of cell size in the water 
relations of plants. Physiologia Plantarum, 40(4), 255-260.  
Daubert, C. R., & Foegeding, E. A. (2010). Rheological Principles for Food Analysis 
Food Analysis (pp. 541-554): Springer. 
Food and Agriculture Organization of United Nations  (1995). 
241 
 
De Belie, N., Hallett, I. C., Harker, F. R., & De Baerdemaeker, J. (2000). Influence 
of ripening and turgor on the tensile properties of pears: A microscopic study 
of cellular and tissue changes. Journal of the american society for 
horticultural science, 125(3), 350-356.  
de Escalada Pla, M. F., Campos, C. A., Gerschenson, L. N., & Rojas, A. M. (2009). 
Pumpkin (< i> Cucurbita moschata</i> Duchesne ex Poiret) mesocarp tissue 
as a food matrix for supplying iron in a food product. Journal of Food 
Engineering, 92(4), 361-369.  
Deyo, A., & O'Malley, B. (2008). Cucurbitaceae. Paper presented at the Food for 
Tought: the science, culture and politics of food. 
http://academics.hamilton.edu/foodforthought/Our_Research_files/cucurbitac
eae.pdf  
Dintwa, E., Jancsók, P., Mebatsion, H., Verlinden, B., Verboven, P., Wang, C., . . . 
Nicolaï, B. (2011). A finite element model for mechanical deformation of 
single tomato suspension cells. Journal of Food Engineering, 103(3), 265-
272.  
Dintwa, E., Van Zeebroeck, M., Ramon, H., & Tijskens, E. (2008). Finite element 
analysis of the dynamic collision of apple fruit. Postharvest Biology and 
Technology, 49(2), 260-276.  
Doymaz, I. (2007). The kinetics of forced convective air-drying of pumpkin slices. 
Journal of Food Engineering, 79(1), 243-248.  
Drozdov, A. D. (1996). Finite elasticity and viscoelasticity: a course in the nonlinear 
mechanics of solids. Singapore: World Scientific. 
Elbatawi, I., Ebaid, M., & Hemeda, B. (2008). Determination of Potato Water 
Content Using Nir Diffuse Reflection Method. Irrigation and Drainage 25(4), 
1279-1292.  
Emadi, B. (2005). Experimental Studies and Modelling of innovative peeling 
processes for Tough-skinned Vegetables. Doctor of Philosophy, Quensland 
University of Technology, Brisbane.    
Emadi, B., Abbaspour-Fard, M. H., & KDV Yarlagadda, P. (2009). Mechanical 
Properties of Melon Measured by Compression, Shear, and Cutting Modes. 
International Journal of Food Properties, 12(4), 780-790.  
Emadi, B., Abbaspour-Fard, M. H., & Yarlagadda, P. K. D. V. (2008). Mechanical 
peeling of pumpkins. Part 2: Modeling of peeling process. Journal of Food 
Engineering, 89(4), 453-459.  
Emadi, B., Abbaspour-Fard, M. H., & Yarlagadda, P. K. D. V. (2009). Mechanical 
properties of melon measured by compression, solar and cutting modes. . 
International Journal of Food Properties, 12, 780-790.  
Emadi, B., Kosse, V., & Yarlagadda, P. K. D. V. (2005). Mechanical properties of 
pumpkin. International Journal of Food Properties, 8(2), 277-287.  
Environwise. (2001). Reducing water and waste costs in fruit and vegetable 
processing. from Environwise-Practical Environmental Advice for Business 
http://infohouse.p2ric.org/ref/23/22909.pdf 
242 
 
Erdoǧan, D., Güner, M., Dursun, E., & Gezer, I. (2003). Mec anical  arvesting of 
apricots. Biosystems engineering, 85(1), 19-28.  
Erhart, T. (2011). Review of Solid Element Formulations in LS-DYNA: Properties, 
Limits, Advantages, Disadvantages. Paper presented at the 2011 Developers' 
Forum, Stuttgart. 
Ettelaie, R. (2003). Computer simulation and modeling of food colloids. Current 
opinion in colloid & interface science, 8(4-5), 415-421.  
Fathollahzadeh, H., Mobli, H., Jafari, A., Rajabipour, A., Ahmadi, H., & Borghei, A. 
M. (2008). Effect of Moisture Content on Some Physical Properties of 
Barberry. Am.-Eur. J. Agric. Environ. Sci, 3(5), 789-794.  
Finney, E. (1969). To define texture in fruits and vegetables. Agrie. Eng, 50, 462-465.  
Fischer-Cripps, A. C. (2000). Introduction to contact mechanics. New South Wales: 
Springer Verlag. 
Fontana, A. J., Wacker, B., Campbell, C. S., & Campbell, G. S. (2001). 
Simultaneous Thermal Conductivity, Thermal Resistivity, and Thermal 
Diffusivity Measurement of Selected Foods and Soils. The socienty of 
engineering in agriculture, food, and biological systems.  
Food Processing Insdustry Strategy Group. (2012).  (Publication no. ISBN 978-1-
922125-49-1 ). from Commonwealth of Australia 
http://www.innovation.gov.au/industry/FoodProcessingIndustry/Documents/F
PISGFinalReport2012.PDF 
Foster, M., Fell, J., To, H., Rees, G., & Bowen, B. (2010). Overview of the 
Australian food industry, 2009-10.  
Fung, Y.-c. (1990). Biomechanics: motion, flow, stress, and growth (Vol. 990). New 
York: Springer-Verlag New York. 
Fung, Y.-c. (1993). Biomechanics:{M} echanical {P} roperties of {L} iving {T} 
issues.  
Gao, Y., Lelievre, J., & Tang, J. (1993). A constitutive relationship for gels under 
large compressive deformation. Journal of Texture Studies, 24(3), 239-251.  
Gładyszewska, B., & Ciupak, A. (2009). C anges in t e mec anical properties of t e 
greenhouse tomato fruit skins during storage. Technical Sciences, 2009(12), 1. 
doi: DOI 10.2478/v10022-009-0001-z 
Gover, R. B. (2013). Experimental Impact and Finite Element Analysis of Composite, 
Portable Road Safety Barrier. Doctor of Philosophy, Queensland University 
of Technology, Brisbane.    
Grotte, M., Duprat, F., Loonis, D., & Pietri, E. (2001). Mechanical properties of the 
skin and the flesh of apples. International Journal of Food Properties, 4(1), 
149-161.  
Grotte, M., Duprat, F., Pietri, E., & Loonis, D. (2002). Young's modulus, Poisson's 
ratio, and Lame's coefficients of golden delicious apple. International 
Journal of Food Properties, 5(2), 333-349.  
Gustavsson, J., Cederberg, C., & Sonesson, U. (2011). Global Food Losses and Food 
Waste. from Swedish Institute for Food and Biotechnology 
http://www.fao.org/docrep/014/mb060e/mb060e00.pdf 
243 
 
Gyliene, V., & Ostasevicius, V. Cowper-Symonds material deformation law 
application in material cutting process using LS-DYNA FE code: turning and 
milling. Paper presented at the 8th European LS-DYNA Users' Conference. 
http://www.dynalook.com/8th-european-ls-dyna-conference/session-
11/Session11_Paper4.pdf 
Hallquist, J. O. (2006). LS-DYNA theory manual. from Livermore Software 
Technology Corporation 
http://ftp.lstc.com/anonymous/outgoing/trent001/manuals/ls-
dyna_theory_manual_2006.pdf 
Hamann, D. D., Zhang, J., Daubert, C. R., Foegeding, E. A., & Diehl, K. C. (2006). 
Analysis of Compression, Tension and Torsion for Testing Food Gell 
Fracture Properties Journal of Texture Studies, 37(6), 620-639.  
Harker, F., & Hallett, I. (1992). Physiological changes associated with development 
of mealiness of apple fruit during cool storage. HortScience, 27(12), 1291-
1294.  
Harker, F. R., Stec, M. G. H., Hallett, I. C., & Bennett, C. L. (1997). Texture of 
parenchymatous plant tissue: a comparison between tensile and other 
instrumental and sensory measurements of tissue strength and juiciness. 
Postharvest Biology and Technology, 11(2), 63-72.  
Hernandez, L. F., & Belles, P. M. (2005). A 3-D finite element analysis of sunflower 
(Helianthus annuus L>) fruit. Biomechanical approach for the improvement 
of its hullability. Journal Of Food Engineering, 861-869.  
Hodgman, C. D., Veazey, W. R., & Ed. (1977). CRC Handbook of chemistry and 
physics: Chemical Rubber Pub. Co. 
Holt, J., & Schoorl, D. (1977). Bruising and energy dissipation in apples. Journal of 
texture studies, 7(4), 421-432.  
Holt, J., & Schoorl, D. (1983). Fracture in potatoes and apples. Journal of Materials 
Science, 18(7), 2017-2028.  
Huff, E. (1967). Tensile properties of Kennebec potatoes. Trans. ASAE, 10, 414-419.  
Huff, E. (1971). Tensile properties of potato tubers. American Journal of Potato 
Research, 48(5), 148-158.  
Husband, J. B. (2007). Developing an efficient FEM structural simulation of a fan 
blade off test in a turbofan jet engine. Doctor of Philosophy, University of 
Saskatchewan. Retrieved from http://ecommons.usask.ca/handle/10388/etd-
10292007-111221   
IBSIWorl-Industry-Report. (2007). Global Fruit and Vegetables Processing and 
Preserving.  Retrieved 13 May 2011 
Instron. (2012). tensile Testing of Soft Biological Tissues, from 
http://www.instron.us/wa/solutions/Tensile_Testing_of_Soft_Biological_Tiss
ues_with_Instron_BioPuls.aspx?ref=http://www.google.com.au/url 
Jahromi, M. K., Rafiee, S., Jafari, A., Bousejin, M. G., Mirasheh, R., & Mohtasebi, S. 
(2008). Some physical properties of date fruit (cv. Dairi). Int. Agrophysics, 22, 
221-224.  
244 
 
Jobling, J. (2000). Potatoes: Handle with care. from Sydney Postharvest Laboratory 
http://www.postharvest.com.au/Potatoes.PDF 
Jose, S. (2010). Global Food Processing Machinery & Equipment Market to Reach 
US$47 Billion by 2015, According to a New Report by Global Industry 
Analysts, Inc. .  Retrieved May 12, 2011 
Kabas, Celik, H. K., Ozmerzi, A., & Akinci, I. (2008). Drop test simulation of a 
sample tomato with finite element method. Journal of the Science of Food 
and Agriculture, 88, 1537-1541.  
Kabas, O., & Ozmerzi, A. (2008). Determining the Mechanical Properties of Cherry 
Tomato Varieties for Handling Journal of Texture Studies, 39(3), 199-209.  
Karadelis, J. K., & Omair, M. (2001). Elasto plastic analysis with large deformation 
effects of T-end plate connection to square hollow section. Finite Elements in 
Analysis and Design, 38, 65-77.  
Keogh, R., Robinson, A., & Mullins, I. (2010). Cucurbits- Pollination Aware- Case 
Study 13. Australian Gavernment Retrieved from 
http://www.rirdc.gov.au/programs/established-rural-
industries/pollination/cucurbits.cfm. 
Kheiralipour, K., Tabatabaeefar, A., Mobli, H., Rafiee, S., Sahraroo, A., Rajabipour, 
A., & Jafari, A. (2008). Some physical properties of apple. Pakistan Journal 
of Nutrition, 7(5), 667-672.  
Kingsly, A., Singh, D., Manikantan, M., & Jain, R. (2006). Moisture dependent 
physical properties of dried pomegranate seeds (< i> Anardana</i>). Journal 
of Food Engineering, 75(4), 492-496.  
Konietzky, H. (2003). Numerical Modeling in Micromechanics Via Particle Methods: 
Proceedings of the 1st International PFC Symposium, Gelsenkirchen, 
Germany, 6-8 November 2002: Taylor & Francis. 
Kozma, A., & Cunningham, H. (1962). Tables for calculating the compressive 
surface stresses and deflections in the contact of two solid elastic bodies 
whose principal planes of curvature do not coincide. Ind. Math, 12, 31-39.  
Krokida, M., Karathanos, V., & Maroulis, Z. (2000). Compression analysis of 
dehydrated agricultural products. Drying Technology, 18(1-2), 395-408.  
LD-DYNA Keyword User's Manual. (2001). from Livemore Software Technology 
Corporation 
Leckie, F. A., & Dal Bello, D. J. (2009). Strength and stiffness of engineering 
systems: Springer. 
Lewis, R., Yoxall, A., Marshall, M., & Canty, L. (2008). Characterising pressure and 
bruising in apple fruit. Wear, 264(1-2), 37-46.  
Li, C. Y., Xu, F. Y., & Chen, Z. (2012). A Study on Dynamic Simulation of Litchi 
Pitting Process Based on ANSYS/LS-DYNA. Advanced Materials Research, 
479, 2557-2563.  
Li, Z., Li, P., Yang, H., & Liu, J. (2013). Internal mechanical damage prediction in 
tomato compression using multiscale finite element models. Journal of Food 
Engineering, 116(3), 639-647.  
245 
 
Limido, J., Espinosa, C., Salaün, M., & Lacome, J. L. (2007). SPH method applied to 
high speed cutting modelling. International journal of mechanical sciences, 
49(7), 898-908.  
Lipinski, B., Hanson, C., Lomax, J., Kitinoja, L., Waite, R., & Searchinger, T. (2013). 
Reducing Food Loss and Waste. from World Resources Institute 
http://www.unep.org/pdf/WRI-UNEP_Reducing_Food_Loss_and_Waste.pdf 
LS-DYNA Support. (2013). from LSTC Inc and DYNAmore GmbH 
http://www.dynasupport.com/howtos/general/consistent-units 
Lu, R., & Chen, Y. R. (1998). Characterization of nonlinear elastic properties of beef 
products under large deformation. Transactions of the ASAE, 41(1), 163-171.  
Lu, R., & Puri, V. (1991). Characterization of nonlinear creep behavior of two food 
products. Journal of Rheology, 35, 1209.  
Lu, R., & Puri, V. (1992). Characterization of nonlinear behavior of apple flesh 
under stress relaxation. Journal of Rheology, 36, 303.  
Luyten, H., Vliet, T., & Walstra, P. (1992). Comparison of various methods to 
evaluate fracture phenomena in food materials. Journal of Texture Studies, 
23(3), 245-266.  
Mahmoodi, E., & Jafari, A. (2010). Influential parameters for designing and power 
consumption calculating of cumin mower. Australian Journal of Crop 
Science.  
Masanet, E. (2008). Energy Efficiency Improvement and Cost Saving Opportunities 
for the Fruit and Vegetable Processing Industry. An ENERGY STAR Guide 
for Energy and Plant Managers.  
Masoudi, H., Tabatabaeifar, S. A., Borgheei, A., & Shahbeyk, M. (2005). 
Determination and Comparison of Physical and Mechanical Properties of 
Three Export Varieties of Apple. Journal of Agricultural Sciences, 11(3), 
215-231.  
MATLAB R2012b. (1994-2013). from The MathWorks,Inc. 
http://www.mathworks.com.au/help/matlab/index.html 
Mayor, L., Cunha, R., & Sereno, A. (2007). Relation between mechanical properties 
and structural changes during osmotic dehydration of pumpkin. Food 
Research International, 40(4), 448-460.  
McGarry, A. (1995). Cellular basis of tissue toughness in carrot (Daucus carota L.) 
storage roots. Annals of botany, 75(2), 157-163.  
Mellentin, J. (2006). The Key Emerging Functional Food Trends and Technologies 
in the International Market.  Retrieved from 
http://www.austrade.gov.au/Buy/Australian-Industry-Capability/Food-and-
Beverage/default.aspx. 
Miller, K., Joldes, G., Lance, D., & Wittek, A. (2007). Total Lagrangian explicit 
dynamics finite element algorithm for computing soft tissue deformation. 
Communications in numerical methods in engineering, 23(2), 121-134.  
Mitsuhashi‐Gonzalez, K., Pitts, M., Fellman, J., Curry, E., & Clary, C. Bruising 
Profile of Fresh Apples Associated with Tissue and Structure.  
246 
 
Mohammadi-Aylar, S., Jamaati-e-Somarin, S., & Azimi, J. (2010). Effect of stage of 
ripening on mechanical damage in tomato fruits. Am.-Eurasian J. Agric. 
Environ. Sci, 9(3), 297-302.  
Mohsenin. (1986). Physical properties of plant and animal materials: structure, 
physical characteristics, and mechanical properties (second ed.). New York: 
Routledge. 
Mohsenin, N. N. (1977). Characterization and failure in solid foods with particular 
feference to fruits and vegetables. Journal of Texture Studies, 8(2), 169-193.  
Mohsenin, N. N., & Mittal, J. (1977). Use of Rheological Terms and Correlation of 
Compatible Measurements in Food Texture Research. Journal of Texture 
Studies, 8(4), 395-408.  
Mohsenin, N. N., & Mittal, J. P. (1978). Use of Rheological Terma and Correlation 
of Compatible Measurement in Food Texture Research. Journal of Texture 
Studies, 8, 395-408.  
Napier, T. (2009). Pumpkin Production.  Retrieved from 
http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0004/311485/Pumpkin-
production.pdf. 
Nations, F. A. O. o. t. U. (1989). Prevention of post-harvest food losses: fruits, 
vegetables, and root crops : a training manual: Food and Agriculture 
Organization of the United Nations. 
Nazari Galedar, M., Jafari, A., Mohtasebi, S., Tabatabaeefar, A., Sharifi, A., 
O'Dogherty, M., . . . Richard, G. (2008). Effects of moisture content and level 
in the crop on the engineering properties of alfalfa stems. Biosystems 
engineering, 101(2), 199-208.  
Niedzwiecki, L. (2012). Guide to Biomass comminution: material properties, 
machinery, principles of the process and fundamentals of process modelling. 
Hamburg: Diplomarbeiten Agentur. 
Owens, F., Soderlund, S., Hi-Bred, P., & Business, A. D. Methods for Measuring 
Moisture Content of Grains and Implications for Research and Industry.  
Owens, G. (2003). Fact Sheet-Pumpkin.  Darwin Northern Teritory Government 
Retrieved from http://www.nt.gov.au/d/Content/File/p/Vegetable/VF6.pdf. 
Özel, T., & Altan, T. (2000). Process simulation using finite element method--
prediction of cutting forces, tool stresses and temperatures in high-speed flat 
end milling. International Journal of Machine Tools and Manufacture, 40(5), 
713-738.  
Peña, E., & Doblaré, M. (2009). An anisotropic pseudo-elastic approach for 
modelling Mullins effect in fibrous biological materials. Mechanics Research 
Communications, 36(7), 784-790.  
Persson, S. (1987). Mechanics of cutting plant material. St. Joseph, Mich: American 
society of agricultural engineers. 
Pomeranz, Y., & Meloan, C. E. (2002). Food analysis: theory and practice. New 
York: Springer Us. 
Pruitt, L. A., & Chakravartula, A. M. (2012). Mechanics of biomaterials: 
Fundamental principles for implant design. MRS Bulletin, 37(07), 698-698.  
247 
 
Puri, V., & Anantheswaran, R. (1993). The finite-element method in food processing: 
A review. Journal of Food Engineering, 19(3), 247-274.  
Qiong, G., Pitt, R., & Bartsch, J. (1989). Elastic-plastic constitutive relations of the 
cell walls of apple and potato parenchyma. Journal of Rheology, 33, 233.  
Quintana, M. E. G., & Paull, R. E. (1993). Mechanical injury during postharvest 
handling ofsolo'papaya fruit. Journal of the american society for horticultural 
science, 118(5), 618-622.  
Rahman, M. S. (2010). Food properties handbook: CRC press. 
Rajabipour, A., Zariefard, M., Dodd, G., & Norris, E. (2004). Tensile strength and 
relaxation of tomato skin by a loop technique. INTERNATIONAL 
AGROPHYSICS., 18(2), 153-158.  
Ranganna, S. (1986). Handbook of analysis and quality control for fruit and 
vegetable products: Tata McGraw-Hill Education. 
Rasa, I. R., & Rasa, N. (2010). United States Patent No. 
Razavi, S., Rafe, A., Mohammadi Moghaddam, T., & Mohammad Amini, A. (2007). 
Physical properties of pistachio nut and its kernel as a function of moisture 
content and variety. Part II. Gravimetrical properties. Journal of Food 
Engineering, 81(1), 218-225.  
Rodr´ıguez-Ram´ırez, J., M´endez-Lagunas, L., L´opez-Ortiz, A., & Torres, S. S. 
(2012). True Density and Apparent Density During the Drying Process for 
Vegetables and Fruits: A Review. Journal of Food Science, 77(12).  
Romo, E. R., & Yoxall, A. (2005). An Experimental, Analytical and Numerical 
Analysis of Apple Bruising.    
Rosier, Q. (2010). Power Quality and Utilization Guild- Application Guide For Food 
and Beverage Industry: Leonardo Energy. 
Sadrnia, H., Rajabipour, A., Jafari, A., Javadi, A., Mostofi, Y., Kafashan, J., . . . De 
Baerdemaeker, J. (2008). Internal bruising prediction in watermelon 
compression using nonlinear models. Journal of Food Engineering, 86(2), 
272-280.  
Saggin, G. (2013, 5 June 2013). Australia needs a food waste strategy. ABC. 
Sahin, S., & Sumnu, S. G. (2006). Physical properties of foods. Ankara: Springer. 
Sarig, Y. (1991). Review: Impact loading associated with agricultural products. 
International Journal of Impact Engineering, 11(3), 251-275.  
Scanlon, M. G., & Long, A. E. (1995). Fracture strengths of potato tissue under 
compression and tension at two rates of loading. Food Research International, 
28(4), 397-402.  
Schaldach, G., Berger, L., Razilov, I., & Berndt, H. (2000) Computer simulation for 
fundamental studies and optimisation of ICP spray chambers. ISAS (Institute 
of Spectrochemistry and Applied Spectroscopy) Current Research Reports, 
Berlin, Germany. Berlin, Germany. 
Schoorl, D., & Holt, J. (1983). A practical method for tensile testing of apple tissue. 
Journal of Texture Studies, 14(2), 155-164.  
248 
 
Schwer, L. (2007). An overview of the PTC 60/V&V 10: guide for verification and 
validation in computational solid mechanics. Engineering with Computers, 
23(4), 245-252.  
Shirmohammadi, M., & Yarlagadda, P. K. D. V. (2012a). Experimental Study on 
Mechanical Properties of Pumpkin Tissue. Journal of Achievements in 
Materials and Manufacturing Engineering, 54(1), 16-24.  
Shirmohammadi, M., & Yarlagadda, P. K. D. V. (2012b). Properties of Tough 
Skinned Vegetable-Pumpkin Tissue. Paper presented at the 11th Global 
Congress on Manufacturing and Management GCMM2012, Auckland  
Shirmohammadi, M., Yarlagadda, P. K. D. V., & Gudimetla, P. (2012). Properties of 
Tough Skinned Vegetable-Pumpkin Tissue. Paper presented at the Global 
Congress of Manufacturing and Management, Auckland New Zealand  
Shirmohammadi, M., Yarlagadda, P. K. D. V., Gudimetla, P., & Kosse, V. (2011). 
Mechanical Behaviours of Pumpkin Peel under Compression Test. Journal of 
Advanced Materials Research, 337, 3-9.  
Shirmohammadi, M., Yarlagadda, P. K. D. V., Kosse, V., & Gu, Y. Study of tissue 
damage during mechanical peeling of tough skinned vegetables, Singapore. 
Singh, K. K., & Reddy, B. S. (2006). Measurement of mechanical properties of sweet 
orange. Journal of Food Science and Technology, 43(4), 442-445.  
Singh, K. K., & Reddy, B. S. (2006). Post-harvest physico-mechanical properties of 
orange peel and fruit. Journal of Food Engineering, 73, 112-120.  
Sitkei, G. (1987). Mechanics of agricultural materials. New York: Access Online via 
Elsevier. 
Sonka, S. T., Ting, K., & Kenney, G. (2012). The ADM Institute for the Prevention 
of Postharvest Loss. Resource-Engineering and Technology for a Sustainable 
World, 19(5), 18.  
Spencer, A. J. M. (2004). Continuum mechanics: Courier Dover Publications. 
Standards, A. (2008). Compression Test of Food Materials of Convex Shape (pp. 
ASABE s368.364). 
Steffe, J. (1996). Rheological methods in food process engineering: Freeman Press. 
Sun, W., & Sacks, M. S. (2005). Finite element implementation of a generalized 
Fung-elastic constitutive model for planar soft tissues. Biomechanics and 
modeling in mechanobiology, 4(2-3), 190-199.  
Tang, J., Tung, M. A., Lelievre, J., & Zeng, Y. (1997). Stress-strain relationships for 
gellan gels in tension, compression and torsion. Journal of Food Engineering, 
31(4), 511-529.  
Texture in Food volume2: solid foods. (2004).  (Vol. 2). Cambridge: Woodhead 
Publishing Limited  
Texture Measurements of Food. (1973). New York: D. Reidel Publishing Company. 
Truman, A. (1963). The theory of tensile peeling from a visco-elastic interlayer. 
Applied Scientific Research, Section A, 11(4-6), 415-429.  
Vanstreels, E., Alamar, M., Verlinden, B., Enninghorst, A., Loodts, J., Tijskens, 
E., . . . Nicolaï, B. (2005). Micromechanical behaviour of onion epidermal 
tissue. Postharvest Biology and Technology, 37(2), 163-173.  
249 
 
Vegetable Industry Development Program-Post harvest Management for Vegetables-
Facts on Preventing Losses. from Horticulture Australia 
http://ausveg.businesscatalyst.com/rnd/fact%20sheets/Post%20Harvest%20M
anagement.pdf 
Veronda, D., & Westmann, R. (1970). Mechanical characterization of skin—finite 
deformations. Journal of biomechanics, 3(1), 111-124.  
Vursavu, K., & Ozguven, F. (2004). Mechanical behaviour of apricot pit under 
compression loading. Journal of Food Engineering, 65(2), 255-261.  
Wang, L., & Sun, D.-W. (2003). Recent developments in numerical modelling of 
heating and cooling processes in the food industry—a review. Trends in Food 
Science & Technology, 14(10), 408-423.  
Watanabe, K., & Umezu, Y. (1995). Cutting Simulation Using Ls Dyna. Paper 
presented at the Third International LS-DYNA Conference, Kyoto, Japan.  
Wehner, T. C., & Maynard, D. N. (2003). Cucurbitaceae (vine crops).  
Wilhelm, L. R., Suter, D. A., & Brusewitz, G. H. (2004). Energy Use in Food 
Processing. Food & Process Engineering Technology, 285-291.  
Wu, N., & Pitts, M. J. (1999). Development and validation of a fruit element model 
of an apple fruit cell. Post harvesting Biology Technology, 16, 1-8.  
Zienkiewicz, O. C., & Taylor, R. L. (1977). The finite element method (Vol. 3): 
McGraw-hill London. 
 
 
